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Section  4 


RSV  OPTIMIZATION  SYSTEM 

RSV  optimization  was  achieved  through  the  use  of  a collection 
of  computer  programs  which,  taken  together  constituted  a "System  Model," 
including:  (a)  the  "exposure"  — a profile  of  accident  events  character- 

istic of  the  1985  period,  consisting  of  the  statistical  distributions  of 
car  weights  and  of  impact  speeds  in  each  of  the  major  crash  modes  as  deter- 
mined from  current  accident  files  and  the  range  of  occupant  sizes; 

(b)  vehicle  and  occupant  dynamic  simul^itions  which  produce  calculated 
values  of  occupant  deceleration  for  each  of  the  exposure  conditions, 

(c)  an  "optimization"  program  which  searches  among  all  the  vehicle  and 
occupant  restraint  parameter  combinations  for  that  set  of  parameters  which 
yields  the  smallest  measure  of  occupant  injury  when  summed  across  all 
possible  conditions  of  exposure,  and  after  allowing  for  weight-increasing 
parameter  changes  compensable  by  materials  substitution  within  cost  con- 
straints; and  (d)  a benefit-cost  analysis  which  relates  the  societal 
benefits  in  dollars  to  the  incretnental  costs.  Each  of  these  major  ele- 
ments is  further  described  below. 

The  exposure  input  to  the  system  model  is  described  by  frequen- 
cies of  collision,  by  impact  mode,  and  by  Impact  speed,  as  estimated  for  1985. 
These  are  based  primarily  on  current  CPIR3  and  towaway  accident  data.  It 
is  projected  that  60  percent  of  the  accidents  will  be  vehicle-to-vehicle , 
the  same  as  today,  and  that  there  will  be  about  1.2  million  accidents 
producing  disabling  injuries,  if  long  term  trends  of  recent  years  persist. 

The  impact  speed  distributions  projected  for  1985  are  based  on 
accident  data  collected  prior  to  the  55  mph  speed  limit;  it  was  assumed 
that  the  curtailed  speed  limit  will  not  remain  in  effect  ten  more  years. 

The  weight  distribution  of  cars  in  1985  was  calculated  on  the  premise  of 
market  forces,  the  number  of  small  cars  being  predicted  by  taking  into 
account  a number  of  economic  variables  relating  to  such  things  as  the 
prices  of  cars  and  of  fuel.  It  is  expected  there  will  be  over  115  million 
cars,  of  which  more  than  48  million  will  weigh  less  than  3,000  pounds.  It 
was  assumed  for  the  calculation  that  all  the  cars  in  the  3,000  pound  class 
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in  1985  will  be  RSV’s,  or  some  36  percent  of  the  car  population.  That 
assumption  does  not  mean  we  expect  so  early  an  introduction  of  RSV's,  or 
that  this  100  percent  state  could  be  reached  by  1985;  the  assumption  was 
made  for  purposes  of  calculation.  If  vehicles  of  any  weight  class  are 
equally  likely  to  be  involved  in  collisions  with  vehicles  of  any  other 
weight  class,  eight  percent  of  RSV  involvements  would  be  with  other  RSV's, 
and  excepting  rear-enders,  which  were  excluded  because  of  their  minimal 
effect  on  casualty,  RSV’s  would  be  involved  in  an  additional  23  percent  of 
two-car  accidents.  Distributions  were  established  for  direct  front-to- 
front  collisions,  for  offset  frontals,  f ront-to-side , f ront-to-rear , and 
frontal  pole  and  tree  collisions. 

Exposure  conditions  were  summarized  in  1,062  different  colli- 
sion categories,  each  one  being  some  combination  of  collision  mode,  weight 
of  each  vehicle  in  the  crash,  impact  speed,  and  occupant  size.  All  these 
combinations  taken  together,  and  weighted  for  their  proportional  repre- 
sentation, make  up  the  accident  environment  expected  for  1985.  Occupant 
injury  was  determined  in  this  study  for  each  of  the  1,062  exposure  condi- 
tions by  calculations  based  on  dynamic  simulation. 

This  simulation  was  in  two  parts.  The  first  of  these,  a simu- 
lation of  the  vehicle  structure,  determined  the  pattern  of  vehicle  crash 
deceleration  and  occupant  compartment  intrusion  for  each  of  the  1,062 
accident  conditions  defining  the  exposure  environment.  Each  vehicle  was 
represented  in  a structural  simulation  (developed  by  Battelle  for  the 
NHTSA  ESV  Program)  by  a set  of  masses  interconnected  by  deformable  members. 
The  structural  parameters  are  basically  force-deflection  characteristics 
of  the  structure.  The  simulation  was  referenced  to  a base  vehicle,  con- 
sisting of  a set  of  parameters  for  a typical  car  in  the  3,000  pound  class, 
mainly  a Pinto/Maverick  of  today.  Functional  parameters  for  such  a car 
were  the  starting  point  in  the  optimization  process  and  provide  a frame 
of  reference  for  comparison  of  the  optimization  results. 

The  second  part  of  the  dynamic  simulation  determined  the  accelera- 
tions experienced  by  the  occupant  for  each  variation  in  the  restraint 
parameters,  for  each  of  the  1,062  types  of  collisions  considered.  The 
occupant's  upper  torso  motion  was  simulated  in  frontal  impacts  by  a 
single-mass  model,  which  received  an  input  based  on  the  acceleration  his- 
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tory  produced  by  the  Battelle  structural  model.  Although  a more  sophis- 
ticated occupant  simulation  for  frontal  collisions  was  attempted,  it 
could  not  be  completed  in  time  for  use  in  Phase  I.  In  side  impacts,  a 
three-mass  3-D  model  developed  by  the  University  of  Michigan  was  the 
basis  for  the  determination  of  occupant  acceleration.  The  output  of 
the  occupant  response  model,  a time  trace  of  acceleration,  was  converted 
into  a fatality  probability. 

Three  factors  were  considered  as  determining  the  likelihood  of 
occupant  fatality:  chest  acceleration,  head  acceleration,  and  the  defor- 

mation of  the  forward  compartment  due  to  engine  intrusion.  Functions  were 
established  that  relate  the  extent  of  each  of  those  responses  to  the  per- 
cent of  fatalities  among  exposed  occupants.  The  fatality  probability 
implied  a distribution  of  injuries  of  lesser  levels,  a function  for  which 
was  defined  in  the  system  model.  The  resulting  overall  distribution  was 
then  converted  into  a single  measure  of  casualty,  the  "equivalent  fatality 
unit" (EFU) , comprised  of  the  number  of  fatalities  plus  a weighted  sum  of 
all  injuries  at  each  level. 

The  optimization  algorithm  used  in  the  System  Model  searches 
among  the  vehicle-restraint  parameter  combinations  to  identify  that  set 
which  minimizes  the  total  number  of  fatalities  and  injuries,  when  sum- 
marized as  EFU's,  then  sums  the  EFU’s  in  the  1,062  combination  of  colli- 
sion exposure  conditions  after  weighting  each  combination  for  proportional 
representation.  By  this  means,  the  solution  converges  toward  parameter 
combinations  which  result  in  the  smallest  number  of  casualties  when  looked 
at  across  the  full  exposure,  even  though  the  resulting  set  does  not  save 
as  many  lives  as  might  be  possible  in  any  one  crash  mode  alone.  For 
example,  saving  lives  at  very  high  collision  speeds  might  be  subordinated 
by  the  calculation  process  if  a more  than  compensating  number  of  injuries 
(when  measured  in  terms  commensurate  to  fatalities  by  the  EFU  scale)  can 
be  saved  at  lower  speeds  by  some  other  selection  of  parameters.  Further, 
the  transfer  of  structure  by  the  algorithm  from  one  part  of  the  car  to 
another  could  cause  an  increase  in  casualties  by  impacts  in  the  weakened 
area,  but  the  optimization  would  opt  for  that  if  a more  than  compensating 
saving  were  realized  in  the  other  area.  The  optimization  could  call  for 
additional  weight  in  certain  structural  areas. 


The  addition  of  extra  weight  to  achieve  the  structural  proper- 
ties called  for  by  the  optimization  calculation  requires  that  a corres- 
ponding amount  of  weight  be  subtracted  by  means  of  materials  substitution 
somewhere  in  the  vehicle.  The  amount  of  weight  allowed  to  bo  trans- 
ferred into  energy  management  structure  was  limited  to  140  pounds,  all 
the  weight  savings  that  investlgatioiT  and  experience  indicates  as  prac- 
tical to  project  for  1985  achievement  by  light  weight  material  substitu- 
tion. 

Optimization  calculations  were  made  for  different  cost  limits.’ 

All  the  solutions  wete  then  evaluated  in  a benefit-cost  analysis  program 
to  determine  the  most  acceptable  one.  The  criterion  for  acceptable  bene- 
fit relative  to  cost  was  that  the  incremental  benefit  divided  by  the 
incremental  cost  had  to  exceed  unity.  Thus,  as  the  process  of  selection 
proceeded,  successive  system  coinfigurations  were  selected  as  being  supe- 
rior to  those  preceding  in  each  case,  only  if  the  incremental  benefit  per 
cost  exceeded  one  (1).  This  is  standard  practice  in  such  evaluations. 
Benefits  were  in  dollar  terms,  $236,000  per  life,  as  developed  from  an  NHTSA 
paper.  Since  injuries  were  scaled  in  commensurate  terms,  the  same  "value” 
was  applied  to  each  EFU.  The  optimal  design  concept,  therefore,  will  have 
a total  benefit  in  EFU's,  at  $236,000  per  EFU,  and  an  associated  total 
cost  penalty:  that  due  to  the  restraint  system,  that  due  to  the  additional 

weight  for  structural  upgrading,  and  that  for  the  light  weight  material 
substituted  to  compensate  for  the  extra  weight  of  the  structure  and  the 
restraints . 

A flow  chart  of  the  RSV  optimization  methodology  is  shown  in 

Figure  1. 

During  the  course  of  the  System  Model  development,  simplifica- 
tions and  adjustments  were  made  to  certain  elements  of  the  model  in  order 
to  ensure  timely  completion  of  the  project  and  to  validate  the  model  out- 
put. In  the  sections  that  follow,  the  original  assumptions  as  well  as 
the  simplifications  and  adjustments  are  described.  A summary  of  all  the 
modifications  is  given  in  Section  4.12. 
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Figure  1 


Vehicle  Optimization  Methodology 
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4.1  Accident  Exposure  Projection 

This  section  summarizes  the  accident  exposure  projections,  / 

which  define  the  accident  environment  for  the  RSV  in  1985,  as  they  were 
developed  in  Section  3.2  (Volume  II)  of  tlie  RSV  Phase  I Final  Report. 

Characterization  of  Accident  Exposure.  Within  the  context  of 
the  RSV  System  Model,  accident  exposure  is  characterized  by  the  frequency 
of  occurrence  for  each  collision  type  (from  a set  of  representative  colli- 
sion types)  and  by  the  accident  severity  associated  with  each  collision 
type.  Collision  types  are  classified  by  mode  or  direction  of  impact 
force  (e.g.,  front,  side,  rear,  and  rollover)  and  by  struck  object  (e.g., 
fixed  or  movable) . Accident  severity  is  described  by  relative  speed  at 
impact  and  the  weight  and  "stiffness"  of  the  object  impacted.  The  acci- 
dent data  analysis  and  projection  assumptions  utilized  in  estimating 
these  measures  of  accident  exposure  for  the  1985  traffic  environment  are 
detailed  in  Section  3.2,  Volume  II. 

Collision  Types  - Frequency  of  Occurrence.  Passenger  car  acci- 
dents were  categorized  into  six  basic  types,  assumed  to  be  representative 
of  the  spectrum: 

{pedestrian 
fixed -obj  ect  (f  rontal) 
rollover 

! front 
side 
rear 

A National  Highway  Traffic  Safety  Administration  sponsored  analysis  of 
the  National  Accident  Survey  prepared  by  the  Highway  Safety  Research 
Institute  (1)  was  utilized  to  establish  a relative  percentage  distribu- 
tion for  these  six  basic  collision  types. 

National  Safety  Council  (2)  estimates  of  approximately  56,000 
fatal  and  two  million  non-fatal  motor  vehicle  accident  injuries  (1972) 
were  translated  into  approximately  0.9  million  passenger  car  injury  pro- 


(1)  P.  S.  Carroll,  et  al,  "Current  Information  on  Frequency  of  Injury  and 
Death  by  Crash  Configuration  and  Speeds,"  Highway  Safety  Research  Insti- 
tute,  UM-HSRI-SA-73-6,  DOT-HS-031-2-343 , August  1973. 

(2)  Accident  Facts,  National  Safety  Council,  Chicago,  Illinois,  Published 
annually . 
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ducing  accidents  (1972).  This  was  projected  to  approximately  1.2  million 
passenger  car  injury  producing  accidents  for  1985. 

The  projected  1985  percentage  distribution  of  passenger  car 
injury  producing  accidents  by  collision  type,  as  well  as  the  estimated 
numbers  of  these  accidents,  are  detailed  in  Figure  2. 

The  selection  of  injury  producing  passenger  car  accidents  for 
the  measure  of  accident  exposure,  rather  than  towaway  accidents  as  was 
proposed  in  Section  3.2,  Volume  II,  was  deliberate.  The  distribution  of 
relative  speeds  at  impact  utilized  as  the  measure  of  accident  severity 
was  obtained  from  the  CPIR3  accident  data  file  at  the  Highway  Safety 
Research  Institute.  Although  this  file  contains  many  reports  of  towaway 
accidents,  its  speed  distributions  are  probably  more  representative  of 
injury  producing  accidents.  A large  portion  of  the  non-injury  towaway 
cases,  were  discarded  in  the  data  analysis.  Because  they  did  not  con- 
tain adequate  information  about  impact  configuration  or  vehicle  damage 
(see  Section  3. 2. 1.2,  Volume  II). 

Of  the  CPIR3  cases  used  in  the  accident  data  analysis,  approxi- 
mately 80  percent  were  from  injury  producing  accidents.  An  estimate  of 
the  number  of  injury  producing  accidents,  rather  than  towaway  accidents, 
was  more  compatible  with  the  sample  examined  in  establishing  the  acci- 
dent severity  distributions. 

Fixed-object  frontal  impacts  are  simulated  in  the  RSV  System 
Model  as  a rigid  barrier  impact.  Only  about  3.5  percent  of  the  CPIR3 
fixed-object  impact  cases  were  with  immovable  objects,  therefore,  only 
3.5  percent  of  the  216,000  fixed-object  impacts  (7,550)  were  considered 
to  be  equivalent  to  rigid  barrier  impacts. 

Because  only  a very  small  percentage  of  occupants  of  vehicles 
which  are  struck  from  the  rear  sustain  injuries  or  fatalities,  and  be- 
cause changes  to  the  RSV  front  structure  would  probably  have  little 
influence  upon  these  occupants,  the  only  injuries  assessed  for  front-to- 
rear  impacts  were  those  for  the  vehicle  impacted  in  the  front. 

Relative  Speeds  at  Impact.  Estimates  for  the  probability  dis- 
tributions of  relative  speeds  at  impact  for  the  current  accident  environ- 
ment were  developed  from  the  CPIR3  (Collision  Performance  and  Injury 
Report,  Revision  3)  accident  data  file  maintained  by  the  Highway  Safety 
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Figure  2 


Projected  1985  Percentage  Distribution  . 
of  Injury  Producing  Passenger  Car  Accidents  by  Collision  Type 
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Research  Institute  (HSRI)  of  the  University  of  Michigan.  Single-impact 
two-car  vehicle-to-vehicle  front,  side,  and  rear  collision  types  were 
each  subdivided  into  two  mutually  exclusive  impact  configurations  — 
"direct"  impacts  which  have  significant  injury  producing  potential,  and 
"indirect"  or  "offset"  impacts,  which  often  result  in  only  superficial 
vehicle  damage  and  little  or  no  occupant  injury.  These  impact  configura- 
tions were  determined  from  the  damage  sustained  by  the  vehicles  involved 
— for  instance,  the  "direct"  impact  configuration  for  the  f ront-to-front 
collision  type  is  characterized  by  "barrier"  type  vehicle  damage  (distri- 
buted frontal  damage)  to  both  vehicles. 

Table  1 details,  for  each  collision  type  and  impact  configura- 
tion, the  appropriate  relative  speed  at  impact,  the  vehicle  damage 
descriptor,  the  number  of  accidents,  and  the  means  and  standard  deviations 
of  normal  approximations  to  the  corresponding  distributions  of  relative 
speed  at  impact. 

Because  f ront-to-side  impacts  were  simulated  in  the  RSV  System 
Model  as  all  perpendicular  impacts,  rather  than  both  angled  and  perpendi- 
cular, the  means  of  the  impact  speed  distributions  utilized  in  simulating 
these  impacts  were  reduced  five  miles  per  hour  from  those  shown  in 
Table  1.  This  reduction  in  impact  speed  was  based  upon  engineering  judg- 
ment and  was  intended  to  compensate  for  angled  impacts  in  which  the  com- 
ponent of  striking  vehicle  velocity  perpendicular  to  the  side  of  the 
struck  vehicle  is  less  than  the  resultant  velocity,  and  the  effective 
structural  stiffness  of  the  striking  vehicle  during  angled  engagement  is 
less  than  it  would  be  during  perpendicular  engagement. 

Since  the  projection  of  traveling  speeds  and  collision  speeds 
to  1985  is  uncertain,  the  collision  speed  distributions  summarized  in 
Table  1 were  projected  as  the  1985  collision  speed  distributions  and 
are  used  as  such  in  the  RSV  System  Model. 

Vehicle  Weight  Distribution.  The  projected  1986  percentage 
distribution  of  passenger  car  weights  by  weight  class,  as  described  in 
Section  3.1,  Volume  II,  is  shown  in  Figure  3.  Within  the  RSV  System 
Model,  the  simulation  of  vehicle-to-vehicle  collisions  is  performed  over 
the  entire  spectrum  of  accident  severity  as  defined  by  the  distribution 
of  passenger  car  weights  and  by  the  distribution  of  relative  speed  at 
impact.  , 
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Table  1 


CPIR3  Approximated  Collision  Speeds 
for  All  Levels  and  Injury  and  Fatality 
In  Single-Impact  Two-Car  Vehicle-to-VehicIe 
and  One-Car  Frontal  Fixed  Ojbect  Collisions 
by  Collision  Type  and  Type  of  Damage 


COLLISION  TYPE 

IMPACT  CONFIGURATION 

’’DIRECT”  IMPACTS 

’’INDIRECT”  IMPACTS 

FRONT-TO-FRONT 

CLOSING  SPEED 

CLOSING  SPEED 

*u  = 51.6,  0 = 24.1,  n = 75 

p = 40.7,  0 = 27.6,  n = 400 

’’BARRIER”  TYPE  DAMAGE 

’’NON-BARRIER”  TYPE  DAMAGE 

FRONT-TO-SIDE 

STRIKING  SPEED 

STRIKING  SPEED 

LEFT  SIDE 

LEFT  SIDE 

u = 20.3,  0 = 14.1,  n = 160 

p = 16.6,  a = 14.4,  n = l57 

RIGHT  SIDE 

RIGHT  SIDE 

M = 17.9,  0 = 11.9,  n = 201 

P = 15.7,  a = 11.5,  n = 142 

’’OCCUPANT  COMPARTMENT” 

’’NON-OCCUPANT  COMPARTMENT” 

DAMAGE 

DAMAGE 

FRONT -TO-REAR 

CLOSING  SPEED 

CLOSING  SPEED 

u = 12.7,  0 = 8.5,  n = 64 

p = 12.1,  a = 9.1,  n = 292 

’’BARRIER”  DAMAGE 

’’NON-BARRIER”  DAI'IAGE 

FRONTAL  FIXED  OBJECT 

IMPACT  SPEED 

IMPACT  SPEED 

(POLES  AND  TREES) 

M = 21.2,  a = 12.8,  n = 65 

p = 21.7,  0 = 13.2,  n = 188 

’’CENTER”  DAMAGE 

’’NON -CENTER”  DAMAGE 

•',1  = mean  value  in  Miles  Per  Hour  (MPH) 

"■  = standard  deviation  (MPH) 
n = number  of  accidents 

S ource 

Highway  Safety  Research  Institute  CP1R3  accident  data  tile,  September-November , 
1974.  (Single  impact  accidents  involving  only  two  cars  in  vehicle-to-vehicle 
collisions  and  only  one  car  in  frontal  fixed  object  collisions.) 


PERCENT  OF  TOTAL  UNITS 
IN  OPERATION  (JANUARY  1st) 


Figure  3 


Projected  1986  Percentage  Distribution 
of  Passenger  Car  Weights  by  Weight  Class 
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4.2  Vehicle  Simulation 


A measure  of  vehicle  compartment  severity  was  determined  using 
a collinear  impact  model  for  a predetermined  set  of  impact  modes.  The 
level  of  compartment  severity  is  a function  of  the  vehicle  structural  or 
functional  parameters  as  well  as  crash  severity. 

This  section  contains  a description  of  the  collinear  impact  simu- 
lation models  and  the  vehicle  structural  functional  parameters  varied  in 
the  optimization  process.  Values  of  these  parameters  determine,  to  a large 
extent,  the  level  of  compartment  severity  for  a given  level  of  crash  severity. 

4.2.1  Structural  Models 

A collinear  car-to-car  and  car-to-barrier  collision  simulation 
was  developed  early  in  1972  at  Battelle  Columbus  Laboratories  under  DOT 
sponsorship  (3,  4).  This  computer  simulation  was  developed  to  predict 
the  mass  and  energy  absorber  responses  of  a vehicle  in  a collision,  pro- 
vided the  force-deflection  characteristics  of  the  major  structural  com- 
ponents of  the  vehicle  are  known. 

Model  Description.  The  Battelle  model  is  a lumped  mass  colli- 
sion car-to-car  impact  simulation.  The  model  consists  of  four  masses  and 
seven  independent  energy  absorbers  for  each  car.  The  energy  absorbers 
represent  the  static/dynamic  load-deflection  characteristics  of  the  vehi- 
cle structural  components.  The  mass  and  energy  absorber  elements  can  be 
arranged  to  simulate  front,  side,  or  rear  collisions. 

The  input  data  to  the  Battelle  program  includes  the  load- 
deflection  characteristics  of  the  energy  absorber  elements,  dynamic  load 
factors,  values  of  the  mass  elements,  and  initial  conditions.  The  output 
of  the  program  includes  the  displacement,  velocity  and  acceleration 
responses  of  each  mass  element  and  the  energy  dissipated  by  each  energy 


(3)  J.  T.  Herridge  and  R.  K.  Mitchell,  "Development  of  a Computer  Simula- 
tion Program  for  Collinear  Car/Car  and  Car/Barrier  Collision,"  DOT-HS- 
«00-643,  1972. 

(4)  J.  T.  Herridge  and  R.  K.  Mitchell,  "Initial  Crash  Test  Screening 
r.tudies  Utilizing  the  NHTSA/BCL  Computer  Simulation  Program  for  Collinear 
Car/Car  and  Car/Barrier  Collisions,"  DOT-HS-700-730 , 1972. 
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absorber  element.  In  a frontal  impact  a vehicle  may  be  represented  as 
two  parts:  an  energy  absorbing  fore-section  and  a rigid  non-def ormable 

passenger  compartment.  This  is  illustrated  in  Figure  4,  which  defines 
”R"  as  the  resultant  force  transmittted  from  the  fore-section  structure 
to  the  passenger  compartment.  In  the  Battelle  simulation,  as  shown  in 
Figure  5,  force  "R”  equals  the  sum  of  the  forces  generated  by  the  energy 
absorbers  EAl,  EA2,  and  EA3.  The  deceleration  time-history  of  the 
passenger  compartment  mass  is  calculated  from  the  values  Ml  and  R. 
Similarly,  the  responses  of  other  mass  elements  are  calculated  from  the 
energy  absorber  forces  acting  on  each  mass. 

A schematic  representation  of  the  car-to-car  collision  mode  is 
illustrated  in  Figure  6.  The  mass  and  EA  assignments  for  the  frontal 
impact  mode  are  listed  in  Table  2.  The  rebound  tire  skid  parameters 
(EA71  and  EA72)  were  not  included  in  the  f ront-to-f ront  or  f ront-to-rear 
impact  studies.  In  half  of  the  frontal  impact  studies,  a fixed-stroke 
variable-orifice  hydraulic  cylinder  representation  was  included  (EA5  — 
Figure  5).  The  range  of  stroke  variation  studied  was  15  to  23  inches. 

For  the  side  impact  simulation  mode,  the  impacted  vehicle  (Vehi- 
cle No.  2,  Figure  6)  is  represented  by  eliminating  the  energy  absorbers 
EA21,  EA24 , EA25,  and  EA26  as  well  as  the  mass  M22.  The  absorber,  EA72, 
represents  tire-road  interface  forces  during  side  impact.  Table  3 contains 
the  list  of  mass  and  EA  assignments  for  the  vehicle  impacted  in  the  side. 

Several  modifications  were  made  to  the  Battelle  program.  A 
variable  dimensioning  scheme  has  been  used  to  reduce  turnaround  time 
and  cost.  Three  additional  static /dynamic  force  conversion  factors  have 
been  included  for  individual  energy  absorbers.  Two  additional  methods  of 
connecting  energy  absorbers  were  also  introduced  to  give  the  user  more 
flexibility  in  modeling. 

Because  each  car  line  has  a unique  design,  the  validation  of  the 
Battelle  simulation  must  be  made  for  each  weight  class  under  consideration. 
This  type  of  validation  was  conducted  for  vehicles  with  weights  of  2,000 
pounds,  3,000  pounds,  4,000  pounds,  and  5,000  pounds,  using  representative 
vehicle  static  crush  data. 

Figure  7 shows  the  comparison  of  the  actual  and  predicted  pas- 
senger compartment  decelerations  of  a subcompact  vehicle  (30  mph  frontal 
barrier)  crash. 
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FORCE  TRANSMISSION  FROM  VEHICLE  FORE-SECTION  TO  PASSENGER  COMPARTMENT 
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NOTE:  MODEL  ASSUMES  CAR  PARTITIONED  INTO  A FORWARD  CRUSHABLE 

SECTION  AND  A RIGID  PASSENGER  COMPARTMENT. 


MODEL  CONFIGURATION  OF  BARRIER  IMPACT 
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ENGINE/ RADIATOR  INTERFACE 

BUMPER  AND/OR  BARRIER  FACE  CHARACTERISTICS 


Figure  6 

Model  Configuration  for  the  Car-to-Car  Collision 


Position  (X),  Veloctly(X),  ond  Acceleration  (X) 
ore  positive  to  the  right  ( — ►). 
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Table  2 


Typical  Mass  and  Energy  Absorber  (EA) 

Assignments  for  Frontal  Collisions 

Car/Barrier  Head-On  Car/Car 


Mass 

11 

Passenger  compartment 

Mass 

12 

Engine 

Mass 

13 

Front  frame  or  intermediate 
mass 

Mass 

14 

Bumper 

EAll 

Firewall  and  driveline 

EA12 

Af  tf rame 

EA13 

Sheet  metal 

EA14 

Engine  mounts 

EA15 

Hydraulic  cylinder  or  plastic 
hinge 

EA16 

Fan/radiator/gr ille  interface 

EA17 

Bumper  characteristics  and/or 
barrier  face 

Mass 

21 

Mass 

22 

Mass 

23 

Barrier 

Mass 

24 

Barrier  face 

EA21 

EA22 

EA23 

EA24 

EA25 

Load  cell  characteristics 

EA26 

EA71 

Rebound  tire  skid 

EA72 

Passenger  compartment 
Engine 

Front  frame  or  intermediate 
mass 

Bumper 

Firewall  and  driveline 
Aft frame 
Sheet  metal 
Engine  mounts 

Hydraulic  cylinder  or  plastic 
hinge 

Fan/radiator/grille  interface 

Bumper  characteristics  and/or 
barrier  face 

Passenger  compartment 

Engine 

Front  frame  or  intermediate 
mass 

Bumper 

Firewall  and  driveline 
Torque  box  or  cylinder  backup 
Sheet  metal 
Engine  mounts 

Hydraulic  cylinder  or  plastic 
hinge 

Fan/radiator/grille  interface 
Rebound  tire  skid 
Rebound  tire  skid 
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/ 


M21 

M2  3 
M2  4 
EA22 
EA23 
EA72 


Table  3 


Candidate  Mass  and  EA  Assignments 
for  Side  Impacted  Vehicle 

Uncrushed  Mass  (basically  the  occupant  compartment  minus  body 
sections  listed  below,  plus  engine/transmission  and  additional 
masses  not  otherwise  covered) 

Pillars 

Exterior  Shell  in  Region  of  Impact 
Floor  Pan,  Frame,  Pillars 
Fenders  and/or  Quarter  Panels 
Tire -road  Interface  Orthogonal  Friction 


I 
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Deceleration  (C's) 
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Figure  7 


A COMPARISON  OF  THE  TEST  AND  PREDICTED 
PASSENGER  COMPARTMENT  DECELERATION 
BASED  ON  MODIFIED  STATIC  CRUSH  DATA 


Predicted  Dynamic  Crush  Based  on  Modified  Static  Crush  Data  = 24.9" 
Actual  Static  Crush  = 26.0" 
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Occupant  Compartment  Deceleration.  The  occupant  compartment 
deceleration  time  history  can  be  represented  directly  by  the  Battelle 
filtered  output  data  or  by  pulse  ratios  which  are  a function  of  the 
vehicle  structural  parameters  and  Impact  speeds. 

Although  the  occupant  dynamic  models  (Section  4.3.1)  require 
as  input  the  compartment  deceleration  time  history  for  a given  crash 
situation,  the  deceleration  information  related  to  the  frontal  impact 
mode  was  also  transformed  into  selected  pulse  ratios,  which  were  used  to 
characterize  the  structural  response  in  certain  analyses.  The  pulse 
parameters  used  for  pulse  ratio  definition  are  shown  in  Figure  8 for  an 
approximate  double-hump  pulse  resulting  from  frontal  impact.  The  pulse 
parameters  are  defined  in  Table  4.  The  pulse  ratios  used  in  some  of  the 
analyses  are  defined  in  Table  5. 

The  pulse  shape  is  uniquely  defined  by  the  seven  acceleration 
and  time  values;  whereas,  a pulse  is  not  uniquely  defined  by  the  five  pulse 
ratios.  Consequently,  when  the  pulse  ratios  were  used  for  an  analysis, 
the  incremental  velocity  and  "travel"  were  included  as  additional  parame- 
ters. Travel  was  defined  for  analytical  purposes  equal  to  the  double 
integral  of  the  acceleration  profile  with  zero  initial  conditions.  Thus, 
the  velocity  change  and  travel  are  the  first  and  second  integrals  of  the 
deceleration  pulse  over  the  range  of  zero  seconds  to  Tp  seconds. 

The  validity  of  using  a double-hump  approximation  to  the  com- 
partment deceleration  pulse  is  substantiated,  to  some  degree,  by  the 
results  for  two  frontal  impact  configurations  shown  in  Figures  9 and  10. 
The  pulses  represent  high  speed  and  medium  speed  car-to-car  frontal 
impacts.  The  deceleration  profiles  are  for  a candidate  RSV.  In  the  high 
speed  impact  case,  both  impacting  vehicles  had  an  initial  speed  of  50  mph 
and  the  candidate  RSV  was  impacting  a 5,000  pound  vehicle.  In  the  medium 
impact  case  illustrated,  the  candidate  RSV  had  an  initial  velocity  of  30 
mph  while  the  other  vehicle,  with  a weight  of  2,000  pounds,  had  an  initial 
velocity  of  20  mph. 

The  actual  filtered  (35  Hertz  cutoff)  Battelle  output  time 
history  of  the  passenger  compartment  is  shown  in  Figures  9 and  10. 

The  cutoff  frequency  is  used  to  remove  the  spurious  and  otherwise  random 
high-frequency  components  which  have  no  perceptible  influence  on  actual 
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Compartment  Deceleration 


Figure  8 


Pulse  Representation  for 
Frontal  Impact 


Time 
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Table  4 


/ 


^pl 

Av 

Ap2 

Tl 

Tv 

T2 


Definition  of  Pulse  Parameters 
For  Front  Impacted  Vehicle 

First  peak  of  the  compartment  deceleration  profile 

Deceleration  value  at  the  valley  of  the  profile 

Second  peak  of  the  compartment  deceleration  profile 

Time  of  the  first  deceleration  peak 

Time  of  the  occurrence  of  the  valley  of  the  profile 

Time  of  the  second  deceleration  peak 

Pulse  termination  time 


Table  5 

Definition  of  Pulse  Ratios 
For  Front  Impacted  Vehicle 


Ti/Tp 

Tv/Tp 

Tj/Tp 

Apl/Ap2 


A-^/Ap  2 


Ratio  of  time  of  first  peak  to  pulse  termination  time 

Ratio  of  time  of  profile  valley  to  pulse  termination  time 

Ratio  of  time  of  second  peak  to  pulse  termination  time 

Ratio  of  first  peak  deceleration  value  to  second  peak 
deceleration  value 

Ratio  of  valley  deceleration  value  to  second  peak  decel- 
eration value 
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dummy  behavior  in  a crash  test.  Subsequent  to  filtering,  the  accelera- 
tion pulse  is  amplified  to  compensate  for  energy  loss  due  to  filtering. 

Thus,  the  resulting  pulse  will  ultimately  retain  the  proper  compartment 
velocity  change  and  displacement  when  compared  to  a crash  test  or  a 
Battelle  output  for  an  identical  crash  situation. 

An  analytically  determined  double-hump  approximate  pulse  is 
also  shown  in  Figures  9 and  10.  This  approximation  to  the  actual  time 
history  was  obtained  by  matching  the  deceleration  peak  values  and  times 
while  satisfying  the  necessary  condition  that  the  integral  of  the  double- 
hump pulse  be  equal  to  the  velocity  change  represented  by  the  Battelle  out- 
put . 

An  assumed  rectangular  pulse  was  used  to  represent  the  vehicle 
compartment  acceleration  obtained  from  the  side  impact  studies.  The  rec- 
tangular pulse  shown  in  Figure  11,  was  determined  directly  from  the  fil- 
tered Battelle  compartment  output  pulse  by  fitting  the  rectangular  pulse 
to  the  output  data  while  keeping  the  velocity  change  equal. 

An  estimate  of  the  motion  of  the  vehicle  door,  with  respect  to 
the  occupant  compartment,  is  obtained  from  the  Battelle  simulation  out- 
put data.  The  assumed  functional  form  of  the  door  pulse,  as  represented 
in  Figure  11,  had  an  initial  pulse  slope  in  the  range  0.15  to  1.0  inches/ 
millisecond  and  a maximum  intrusion  in  the  range  1.5  to  15.0  inches. 

The  rectangular  lateral  vehicle  acceleration  pulse  form  and  the 
door  pulse,  representing  relative  door  motion  with  respect  to  the  accelera- 
ting compartment,  were  used  as  forcing  functions  to  the  side  impact  occu- 
pant model  described  in  Section  4.3.1. 

Parametric  representations  of  these  pulse  forms  serve  as  part 
of  the  input  to  the  occupant  approximation  to  response  (Section  4.3)  used 
in  the  complete  RSV  System  Model.  The  combined  effect  of  both  the 
lateral  vehicle  acceleration  and  the  door  intrusion  pulse  forms  on  occu- 
pant response  (head  and  chest  acceleration)  were  used  to  determine  the 
extent  of  injury.  A separate  probability  of  fatality  based  on  side  intru- 
sion as  such  was  not  employed  due  to  the  paucity  of  data  relating  occupant 
tolerance  to  the  localized  side  impact  resulting  from  intrusion.  Both  pulse 
forms  were  used  for  excitation  in  "T”-type  side  impact  representations, 
while  only  the  vehicle  compartment  acceleration  function  was  used  for  "L"- 
type  side  impact  representations.  (See  Section  4.12.) 
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(Compartment  Deceleration, 


Figure  9 


Comparative  Compartment  Deceleration  Pulse 
for  Car/Car  High  Speed  Frontal  Impact 
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Compartment  Deceleration, 


Figure  10 


Comparative  Compartment  Deceleration  Pulse 
for  Car/Car  Medium  Speed  Frontal  Impact 
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Figure  11 

Vehicle  Pulse  Shape  and  Door  Pulse 
Shape  for  Side  Impact 
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Compartment  Intrusion  In  Frontal  Impact.  A measure  of  occupant 
compartment  intrusion  is  also  provided  for  estimating  occupant  injuries 
in  frontal  impact. 

The  Battelle  crash  simulating  program  computes  the  relative 
dynamic  displacement  of  the  engine/ transmission  mass  with  respect  to  the 
passenger  compartment.  The  subtraction  of  the  initial  distance  between 
the  engine  mass  and  compartment  mass  from  the  predetermined  relative  dis- 
placement yields  the  value  for  engine  intrusion  into  the  passenger  com- 
partment. The  probability  of  occupant  fatality  due  to  intrusion  in 
frontal  Impact  is  discussed  in  Section  4.5. 

Representation  of  Car-to-Car  Offset  Front  Impact.  In  very  few 
car-to-car  frontal  Impacts  are  the  two  vehicles  perfectly  aligned  at  the 
time  of  collision.  Because  the  Battelle  model  basically  represents  col- 
linear  impact  situations,  it  was  necessary  to  develop  a suitable  approxi- 
mation to  compartment  response  for  at  least  a limited  class  of  offset-type 
collisions . 

The  results  of  a series  of  several  vehicle  front  impact  tests  (5) 
served  as  the  foundation  for  development  of  an  approximation  for  changing 
the  vehicle  compartment  response  of  the  Battelle  output  for  aligned  frontal 
collisions  to  represent  offset  frontal  collisions. 

In  an  aligned  front  impact  of  two  similarly  modified  1973  AMC 
Hornet  vehicles,  each  with  an  initial  velocity  of  36.6  mph,  the  maximum 
dynamic  crush  of  one  of  the  vehicles  was  reported  as  19.2  inches.  In  a 
front  impact  of  two  similar  vehicles  with  the  initial  velocities  of  36.25 
mph,  and  with  very  similar  recorded  crash  pulses,  but  offset  by  one-half  of 
the  vehicle  width  (50  percent  offset),  the  maximum  dynamic  crush  for  the 
two  vehicles  was  reported  as  33.6  and  34.8  inches.  Furthermore,  the 
compartment  deceleration  profile  termination  time  (Tp)  increased  from  82 
to  145  milliseconds  for  the  offset  test.  As  expected,  the  deceleration 
pulse  magnitude  is  attenuated  and  a resultant  shift  in  peak  values  occurs. 

Complete  determination  of  the  deceleration  pulse  shape  for 
differing  front  end  structural  properties,  various  impact  speeds,  and 

(5)  W.  J.  Wingenbach  and  K.  W.  Schang,  "Front  and  Side  Impact  Crash  Worthi- 
ness — Compart  Cars,"  Third  International  Congress  on  Automotive  Safety, 
Vol.  I,  (work  under  DOT  Contract  No.  DOT-HS-257-2-461)  San  Francisco, 
California,  July  1974. 
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several  distinct  amounts  of  offset  would  require  additional  empirical 
data  for  Battelle  model  validation.  In  the  RSV  System  Model  optimization 
process,  an  alternative  simplification  had  to  be  used.  A rectangular  com- 
partment deceleration  wave-form  was  used  to  excite  the  one-mass  occupant 
dynamic  model  in  front  and  rear  impacts  (Section  4.3.1).  The  simplified 
deceleration  pulse  used  was  a square  wave,  equivalent  to  any  given  double- 
hump Battelle  output,  in  that  the  compartment  velocity  change  was  identi- 
cal, with  an  approximately  equal  pulse  termination  time,  Tp . 

Based  on  the  information  reported  in  Wigenbach  and  Schang  (6) 
a simple  modification  of  the  rectangular  deceleration  data  from  the  col- 
linear  impact  situation  was  used  to  represent  the  offset  impact  situation. 

For  a given  front  impact  configuration  (vehicle  weight,  struc- 
tural properties,  impact  speed,  etc.)  the  constant  deceleration  profile 
was  modified  for  offset  representation  as  follows: 

Pulse  Termination 

T (offset  = 1.8  T (aligned) 

P P 

Pulse  Magnitude 

Deceleration  (offset)  = (1/1.8  deceleraton  aligned) 

The  last  relationship  is  obtained  by  assuming  that  the  vehicle  velocity 
change  is  the  same  for  the  double-hump  and  constant  deceleration  profiles. 

Wingenbach  and  Schang  (7)  further  report  that  for  the  pertinent 
offset  test  "Damage  to  the  passenger  compartments  of  the  vehicles  was 
minimal.  The  engines  were  deflected  aside  and  were  not  pushed  back  into 
the  firewalls."  Consequently,  the  value  of  intrusion  for  offset  frontal 
impact  was  assumed  to  be  the  same  as  that  of  an  aligned  Impact  with  iden- 
tical impact  speed  and  vehicle  parameters. 

Summary.  The  structural  models  presented  herein  were  used  to 
predict  occupant  compartment  engine  intrusion  and  compartment  acceleration 
profiles  for  several  crash  modes  with  variations  in  the  force-deflection 
characteristics  of  the  major  structural  components  of  a candidate  RSV. 

The  impact  modes  studies  include  car-to-car  frontal  aligned  and  offset, 
car-to-car  f ront-to-rear , car-to-car  side,  and  car-to-barrier . 


(6)  Wingenbach,  Op.  Cit. 

(7)  Ibid.,  Test  No.  6. 
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Representations  of  the  compartment  deceleration  profiles  were 
used  as  input  to  the  occupant  dynamic  models  and  as  basic  data  for  the 
synthesis  of  approximating  functions  to  the  compartment  response  (Sec- 
tion 4.4). 

The  dynamic  models  were  also  used  to  generate  the  front  impact 
barrier  crash  signature  and  the  values  of  Intrusion  and  dynamic  crush, 
with  the  optimum  vehicle  parameters  over  a speed  range  up  to  50  mph.  A 
representation  of  the  optimum  vehicle  was  also  impacted  in  the  side  by  a 
simulated  movable  barrier  over  a speed  range  up  to  40  mph. 

4.2.2  Functional  Parameters 

The  vehicle  structural  parameters  varied  in  the  Battelle  simu- 
lations and  the  system  model  are  given  in  Table  6.  Values  of  these  parame- 
ters determine,  to  a large  extent,  the  level  of  compartment  severity  for 
any  given  level  of  crash  severity.  Each  parameter  was  assigned  a feasible 
region  (between  the  minimum  and  maximum  values)  over  which  it  could  be 
varied.  Two  different  types  of  front  structures  were  evaluated  in  the 
Battelle  model:  (a)  variable  stiffness,  and  (b)  hydraulic. 


Table  6 

Structural  Parameters 


Minimum 

Value 

Maximum 

Value 

Base 

Vehicle 

1. 

Foreframe  force  level  in  pounds 

18,000 

60,000 

25,500 

2. 

Foreframe  (hydraulic  force  level  in 
pounds  (at  30  mph) 

18,000 

60,000 

— 

3. 

Aftframe  force  level  in  pounds 

22,000 

68,000 

25,000 

4. 

Sheet  metal  force  level  in  pounds 

2,500 

13,000 

3,000 

5. 

Foreframe  stiffness  in  pounds/inch 

10,800 

20,250 

13,500 

6. 

Aftframe  stiffness  in  pounds/inch 

60,000 

110,000 

60,000 

7. 

Sheet  metal  stiffness  in  pounds/inch 

2,000 

4,000 

2,000 

8. 

Foreframe  available  crush  length  in 
inches 

21.6 

30.0 

21.6 

9 

Aftframe  available  crush  length  in 
inches 

4.3 

5.4 

4.3 

10. 

Sheet  metal  available  crush 

25.6 

37.5 

25.6 
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Parameters  1 and  2 represent  alternative  front  structure  to 
be  evaluated.  A slightly  modified  Battelle  model  is  used  for  the  hydrau- 
lic front  structure.  In  the  determination  of  vehicle  structural  poly- 
nomials and  their  subsequent  use  in  the  system  model,  the  level  of  Parame- 
ter 1 is  fixed  at  zero  when  Parameter  2 is  evaluated  and  vice  versa. 

4. 3 Occupant  Simulation 

Occupant  response  is  primarily  a function  of  the  occupant  com- 
partment and  restraint  system  functional  parameters;  the  functional 
parameters  employed  in  the  system  model  optimization  process  are  described 
in  this  section,  as  are  occupant  dynamic  models  used  to  represent  occupant 
behavior  for  the  front  and  side  impact  modes. 

Three  protection  systems  received  early  consideration  in  this  pro- 
ject; the  air  bag  with  lap  belt,  the  conventional  three-point  lap  and  shoul- 
der belt,  and  the  pre-tensioned  shoulder  belt  with  knee  bolster.  After  care- 
ful consideration,  it  was  concluded  that  the  containment -effectiveness  of  the 
pre-tensioned  shoulder  belt  and  knee  bolster  could  not  be  determined  without 
an  extensive  fabrication  and  testing  program,  beyond  the  scope  of  Phase  I. 

4.3.1  Dyanmics  Model 

The  Ford  Revised  Occupant  Simulation  Technique,  known  as  "FROST," 
is  a mathematical  model  capable  of  predicting  the  planar  dynamic  responses 
of  an  automobile  occupant  involved  in  a longitudinal  collision.  The  FROST 
model  is  a modified  version  of  the  HSRI  2-D  model  (8).  FROST  simulates 
sling/continuous-loop  or  sling/ three-point  belt  restraint  systems  — vali- 
dated by  comparison  to  a series  of  experimental  impact  simulations  (sled 
tests).  No  validation  has  been  performed  for  unrestrained  occupants. 

FROST  was  used  to  simulate  the  dynamic  behavior  of  both  restrained 
and  unrestrained  occupants  for  a range  of  occupant  sizes  (fifth  percentile 
female  to  95th  percentile  male),  interior  compartment  properties  (e.g., 
chest  pads  with  varous  force-deflection  properties,  etc.),  and  occupant 
compartment  acceleration  profiles  in  frontal  collisions. 


(8)  E.  H.  Robbins,  et  al,  "HSRI  Two-Dimensional  Crash  Victim  Simulation: 
Analysis,  Verification,  and  User's  Manual,"  Ann  Arbor,  Michigan.,  Decem- 
ber 1970. 


4-30 


The  HSRI  3-mass  3-D  model  (9)  was  employed  for  the  simulation 
of  occupant  dynamics  in  side  impacts.  This  section  contains  a descrip- 
tion of  the  models  and  a discussion  of  FROST  validation. 

General  Description  of  FROST.  Occupants  are  modeled  by  eight 
rigid  mass  elements  representing  the  head,  upper  torso,  middle  torso, 
lower  torso,  upper  arm,  lower  arm,  upper  leg,  and  lower  leg.  These  ele- 
ments are  connected  by  joint  structures  which  incorporate  linear  elas- 
ticity, coulomb  friction,  and  linear  motion-limiting  stops.  Rigid  circu- 
lar contact  surfaces  are  attached  to  the  head,  upper  torso,  hip  joint,  and 
extremities  to  allow  for  calculation  of  forces  acting  on  the  body  as  a 
result  of  contact  with  the  vehicle  interior.  The  vehicle  interior  is 
represented  by  nine  straight  line  segments.  Each  line  segment  is  capable 
of  producing  a frictional  force  and  a normal  force  acting  on  the  con- 
tacting body  segment.  The  normal  force  is  calculated  from  a fifth-order 
polynomial  which  describes  the  force-deflection  characteristics  of  the 
vehicle  interior  component  represented  by  the  line  segment. 

The  occupant  environment  is  excited  by  a longitudinal  time- 
varying  deceleration.  Up  to  300  data  points  are  used  to  specify  the 
tieceleration  profile. 

FROST  Belt  Restraint  System  Simula t ions . Sling/ Coni inuous-Loop 
Belt  Restraint  System.  The  HSRI  2-E  model  (10)  was  initially  modified  to 
simulate  a sling/continuous-loop  belt  restraint  system.  This  restraint 
system  incorporates  three  belt  segments: 

1.  Sling  Strap  — a short  belt  segment  usually  anchored 
along  the  roof  rail  or  the  B-pillar,  with  a "D"- 
shaped  ring  attached  to  the  lower  end. 

2.  Inboard  Lap  Belt  — a belt  segment  anchored  to  the 
vehicle  floor,  having  the  inboard  buckle  attached  at 
one  end . 


(9)  D.  H.  Robbins,  R.  0.  Bennett,  and  V.  L.  Roberts,  "HSRI  Three-Dimen- 
sional Crash  Victim  Simulation;  Analysis,  Verification,  User's  Manual, 
and  Pictorial  Section,"  Ann  Arbor,  Michigan,  June  1971. 

(10)  Robbins,  et  al.  Op.  Cit. 
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3.  Continuous'-Loop  Belt  — a combination  lap  belt  and 
torso  belt  that  attaches  rigidly  to  the  vehicle  at 
the  outboard  lap  anchor,  passes  through  the  in- 
board buckle  and  the  D-ring,and  is  attached  to  an 
anchored  retractor  mechanism. 

The  sling/continuous-loop  restraint  system  is  depicted  in 

Figure  12. 

Sling/Three-Point  Belt  Restraint  System.  The  second  of  the 
two  available  restraint  systems,  the  sling/ three-point  system,  is  similar 
to  the  sling/continuous-loop  system,  except  that  slippage  does  not  occur 
at  the  inboard  buckle. 

Validation  of  Occupant  Dynamic  Model.  The  FROST  model  has  been 
validated  for  both  the  sling/continuous-loop  and  the  sling/ three-point 
restraint  systems.  Both  validation  studies  utilized  the  front  passenger 
option  of  the  FROST  model.  A summary  of  the  validation  results  for  the 
sling/continuous-loop  restraint  system  is  shown  in  Table  7 and  Figures  13 
and  14 . 

The  simulation  of  the  sling/three-point  restraint  system  was 
validated  by  comparing  the  FROST  predicted  value  for  specific  occupant 
responses  from  three  replicated  sled  runs.  A summary  of  these  correla- 
tion results  is  shown  in  Table  8. 

The  results  of  this  validation  effort  indicate  that  the  FROST 
sling/continuous-loop  model  provides  an  acceptable  simulation  of  the 
sling/ three-point  restrained  occupant  in  frontal  impacts. 

Panel  Force  Deflection  Characteristics.  Force  deflection 
characteristics  for  all  contacting  surfaces  were  modeled  to  represent 
"constant  force"  restraining  devices,  as  shown  in  Figure  15.  F^  repre- 
sents a constant-force  collapse  level,  and  represents  the  dispalcement 
into  a panel  at  which  Fj^  occurs.  X2  denotes  the  displacement  at  which 
"bottom-out"  occurs. 

Using  this  type  of  representation  for  contact  surfaces  offers 
the  flexibility  of  modeling  many  types  of  "restraint"  systems. 

For  example,  a steering  column  can  be  represented  by  a particu- 
lar F]^  and  (X2  - Xj^)  . F^^  can  represent  the  collapse  load  of  the  column 
and  X2  can  represent  the  point  at  which  the  column  reaches  its  maximum 
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Figure  12 


FROST  Schematic 


4-33 


Table  7 


Front  Validation  with  Sling/Continuous-Loop 
Restraint  System 

Summary  of  FROST  Correlation  with  a Sled  Run 


Test 

FROST 

Test 

FROST 

Response  Parameter 

Results 

Simulation 

Difference 

% Difference 

Maximum  Horizontal 
Hip  Travel  (inches) 

8.35 

@ 98  msec 

7.50 

0 100  msec 

.85 

- 10.1 

Maximum  Vertical 
Hip  Travel  (inches) 

1.90 

(9  163  msec 

1.80 

0 125  msec 

.10 

- 5.6 

Maximum  Horizontal 
Chest  Travel 
(inches) 

12.40* 
@ 98  msec 

9.35 

0 100  msec 

3,05 

- 24.6 

Maximum  Vertical 
Chest  Travel 
(inches) 

2.40* 
@ 147  msec 

1.75 

0 130  msec 

.65 

- 27.1 

Maximum  Upper 
Torso  Belt  Load 
(pounds) 

1400.00 
@ 90  msec 

1287.00 
0 120  msec 

113.00 

- 8.1 

Maximum  Outboard 
Lap  Belt  Load 
(pounds) 

1210.00 
(3  85  msec 

1256.00 
0 105  msec 

46.00 

3.8 

Maximum  Resultant 
Chest  Deceleration 
(g's) 

40.00 
@ 97  msec 

40.30 

0 90  msec 

.3 

.8 

*Maximum  travel  of 

shoulder  target 

which  is  an  overestimate  of 

actual  chest 

travel. 

- 

- 
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Figure  13 


FROST  Validation  with  Sling/Continuous-Loop  Restraint  System 


Time  - Msec. 
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Belt  Load  - Lbs. 


Figure  14 

FROST  Validation  with  Sling/Continuous-Lopp  Restraint  System 


/ 


Time  - Msec. 
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Table  8 


FROST  Validation  with  "Sling/Three-Point"  Restraint  System 


FROST  vs 


FROST  Simulations 

Sling/ 

FROST 

Continuous- 

Test* 

Continuous- 

Sling/ 

Loop  % 

Occupant  Response 

Results 

Loop 

3-Point 

Difference 

Maximum  Horizontal 
Hip  Travel 
(Inches) 

11.80** 

9.28 

8.80 

-21.4 

Maximum  Horizontal 
Shoulder  Travel 
(Inches) 

9.45 

9 . 35*** 

8 . 92*** 

- 1.06 

Peak  Outboard  Belt 
Load  (pounds) 

1017.00 

1106.00*** 

1269.00 

8.75 

Peak  Upper  Torso 
Belt  Load  (pounds) 

1943.00 

2240.00 

2204.00 

15.30 

Peak  Chest  Decel- 
eration (g's) 

34.00 

48.00 

57.00 

37.10 

S.I.  of  Chest 
Deceleration 

208.00 

199.00*** 

266.00 

- 4.30 

Peak  Head  Decel- 
eration (g's) 

56.00 

64.00 

65.00 

14.30 

HIC  of  Head  Decel- 

331.00 

327.00*** 

391.00 

- 1.20 

eration 


*Average  response  value  for  three  sled  runs. 

**Questionable  accuracy  of  film  analysis  measurement  since  hip  target  was 
often  hidden  from  camera  view. 

***Simulated  response  value  was  found  to  match  test  results  within  the 
variability  of  test  results. 


Test 

Sling/ 
3-Point  % 
Difference 

-25.0 

- 6.0 

25.0 

13.0 

63.0 

28.0 
16.10 
18.10 
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Figure  15 

Force-Deflection  Characteristics 
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travel.  This  same  representation  can  be  used  to  represent  a steering 
wheel/air  bag  by  changing  and/or  X2. 

The  various  contact  surfaces  with  which  the  occupant  can  inter- 
act are  shown  in  Figure  16. 

Air  Bag  Restraint  System.  The  simulation  of  an  air  bag  re- 
straint system  in  FROST  was  conducted  by  using  contact  panels  to  repre- 
sent the  air  bag.  The  chest  target  was  used  to  represent  the  head  and 
torso  "air  bag"  and  the  knee  pad  was  used  to  represent  a knee  restraint 
(Figure  16).  Variations  in  air  bag  inflation  time  can  be  simulated  by 
varying  the  initial  panel  locations. 

Other  Restraint  Systems.  Combinations  of  the  aforementioned 
restraint  system  simulations  were  used  to  represent  other  types  of  re- 
straint systems.  These  included  simulations  of: 

1.  Shoulder  Belt  Plus  Knee  Bar 

2.  Lap  Belt  Only 

3.  Air  Bag  Plus  Lap  Belt 

4.  Steering  Column  Plus  Lap  Belt 

5.  Steering  Column  Plus  Air  Bag. 

Variation  of  Parameters.  The  parameters  that  were  varied  in  the 
FROST  occupant  model  for  the  simulation  of  the  188  experiment  design 
matrix  conditions  (Section  4.4),  are  the  following: 

1.  The  deceleration-time  history  of  the  vehicle. 

2.  The  type  of  belt  restraint,  which  could  be  one 
of  the  following: 

a.  Three-Point  Restraint 

b.  Lap  Belt  Only 

c.  Shoulder  Belt  Only 

d.  No  Belt  Restraint. 

3.  The  Force-Strain  relationship  of  the  particular 
belt  system. 

4.  Preload  and  Slack  applied  to  the  belt  system. 

5.  Location  of  the  chest  target  with  respect  to 
the  occupant. 

6.  The  force-deflection  characteristic  of  the  chest 
target . 
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CHEST  TARGET 
— LOCATION  — 


7. 


Location  of  the  knee  target  with  respect  to  the 
occupant . 

8.  The  force-deflection  characteristic  of  the  knee 
target. 

9.  The  occupant  parameters,  which  describe  one  of 
the  following  occupants: 

a.  5th  percentile  female, 

b.  50th  percentile  male, 

c.  95th  percentile  male. 

General  Description  of  a One-Mass  Occupant  Model.  The  problems 
encountered  in  the  regression  analysis  of  the  frontal  impact  occupant 
simulation,  which  Was  to  be  used  to  build  a front-impact  occupant  "poly- 
nomial" (Section  4.4.3),  led  to  the  development  of  a simplified  one-mass 
occupant  model  which  would  be  used  directly  in  the  optimization  algorithm. 

The  one-mass  occupant  model  was  synthesized  for  the  purpose  of 
determining  occupant  behavior  (acceleration  profile)  for  variations  in 
simplified  occupant  compartment  deceleration,  occupant  mass,  and  restraint 
system  parameters.  The  output  of  the  one-mass  occupant  dynamic  model  is 
the  acceleration,  and  was  accordingly  treated  as  such  for  optimization  pur- 
poses as  described  in  Section  4.5.  The  output  of  the  model  was  compared  to 
chest  acceleration  data  obtained  from  barrier  crash  tests  of  Pinto  vehicles 
and  good  agreement  was  found.  A schematic  representation  of  the  one-mass 
model  used  for  frontal  impact  parameter  optimization  is  shown  in  Figure  17. 
The  following  definitions  apply: 

- is  the  effective  occupant  upper  torso  mass 

- is  the  occupant  compartment  mass 

- represents  the  compartment  interior  forces  as 
a function  of  the  displacement  of  the  occupant 
relative  to  the  occupant  compartment  (X^  - X^) 

F - represents  the  square  wave  compartment  decelera- 
tion  force  resulting  from  frontal  impact. 

Steering  column  properties  and  air  bag  or  belt  restraint  sys- 
tems, described  later  in  this  section,  were  simulated. 


Description  of  Model  Elements.  Direct  compartment  excitation 
consisted  of  a constant  force  level  for  a specified  time  period  (a  rec- 
tangular input)  . The  force  level  and  time  period  were  deteirmined  from 
the  appropriate  Battelle  response  surface  predictions  for  vehicle  velocity 
change,  AV,  and  a quantity  referred  to  as  "travel."  Travel  is  defined  by 

Figure  17 

One-Mass  Occupant  Model 
for  Frontal  Impact 
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the  double  integral  of  the  compartment  acceleration  pulse,  assuming  zero 
initial  conditions.  The  equation  for  the  excitation  pulse  over  the  time 

period  zero  to  tp  seconds  is  Ag  » — — , where  AV  is  in  mph  and  travel  is 

in  inches.  The  time,  tp  over  which  the  pulse  applies  is  obtained  from 
the  relation  tp  = A^/AV. 

The  occupant  compartment  interior  targets  are  schematically 
represented  by  the  function  Fj  shown  in  Figure  17.  The  general  form  of 
tills  function  is  meant  to  represent  the  steering  column  collapse  load, 
the  effect  of  a three-point  belt  system,  or  an  air  bag  restraint  system. 

The  functional  forms  for  each  of  the  interior  targets  are  shown  in 
Figure  18. 

In  the  simulation  exercises,  the  steering  column  function  and 
the  three-point  belt  function  were  used  in  combination  for  the  three-point 
restrained  occupant.  The  air  bag  function  was  used  alone  for  the  air  bag 
restraint  simulations.  To  represent  air  bag  deployment  time,  the  air  bag 
force  was  set  to  zero  until  the  time  into  the  simulated  event  exceeded  the 
inputted  deployment  time. 

For  the  simulation  of  an  unrestrained  driver,  the  steering  column 
collapse  load  was  chosen  to  be  5,600  pounds  for  a deflection  range  of  .4 
to  1.1  feet.  This  fixed  collapse  load  represents  the  occupant  lateral 
bending  of  the  steering  column  due  to  improper  trajectory  control  in  the 
unrestrained  mode. 

The  initial  relative  occupant  position  with  respect  to  the  steer- 
ing column  was  chosen  to  be  .4  feet.  This  value  is  used  to  approximate 
the  rear  displacement  of  the  column  system  during  vehicle  impact,  and  the 
estimated  relative  hip  position  to  the  lower  part  of  the  steering  rim 
prior  to  contact.  This  distance  is  assumed  to  be  constant  for  various 
vehicle  velocities,  due  to  the  fact  that  the  occupant  motion  at  50  mph  is 
only  about  one  inch  greater  than  at  20  mph  before  contact. 

In  the  simulation  of  an  occupant  impacting  a contact  surface, 
it  is  necessary  to  assume  some  force  deflection  characteristic  that 
accounts  for  the  occurrence  of  total  collapse  of  that  surface  (e.g.,  a 
panel  bottoming  out).  The  value  used  in  all  simulations  when  bottoming 
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Figure  18 

One'-Mass  Driver  Restraint  Properties 
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out  occurred  was  20,000  pounds/ inch,  which  is  comparable  with  the 
stiffness  of  "rigid"  vehicle  structural  members  (11) . 

The  occupant  mass  values  used  in  the  one-mass  model  essentially 
represent  an  approximation  of  the  mass  of  the  torso.  The  value  used  was 
50  percent  of  the  appropriate  occupant  mass  for  a given  percentile. 

General  Description  of  the  HSRI  Three-Mass  3-D  Model.  The  HSRI 
Three-Dimensional  3-Mass  Model  (12)  was  used  to  simulate  automobile  occu- 
pant kinematics  in  side  impacts. 

A schematic  for  the  model  is  shown  in  Figure  19.  The  occupant 
is  represented  by  three-mass  elements  which  represent  the  head,  torso, 
and  extremities.  Elliptical  surfaces  are  attached  to  the  three  body  ele- 
ments to  allow  for  calculation  of  forces  acting  on  the  body  as  a result 
of  contact  with  the  vehicle  interior,  which  is  represented  by  a series  of 
planar  contact  surfaces. 

The  various  contact  surfaces  with  which  the  occupant  can  inter- 
act, for  this  study,  are  shown  in  Figure  20.  Door  bolster  force  deflec- 
tion characteristics  are  modeled  in  the  same  manner  as  was  described 
earlier. 

Variation  of  Parameters.  In  simulating  the  various  test  condi- 
tions required  by  the  experiment  design  matrix  (Section  4.4),  the  follow- 
ing parameters  were  varied: 

1.  The  presence  or  absence  of  the  side  window. 

2.  The  side  window  angle  (tumblehome) . 

3.  Side  door  bolster  force. 

4.  Side  door  bolster  thickness. 

5.  The  side  door  intrusion  distance  and  the  "speed" 
of  intrusion. 

6.  The  deceleration  profile  of  the  vehicle. 

7.  The  occupant  parameters,  which  describe  one  of  the 
following  occupants: 

a.  5th  percentile  female 

b.  50th  percentile  male 

c.  95th  percentile  male. 


(11)  "Frontal  and  Side  Impact  Crashworthiness  — Compact  Cars,"  DOT-HS- 
257-2-461,  March  1974. 

(12)  Robbins,  Op.  Cit. 
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Figure  19 

HSRI  Three-Mass,  Three-Dimension  Model 


\ 

/ 


4-46 


Side  Impact  Occupant  Simulation 
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4.3.2  Functional  Parameters 


/ 


There  are  two  sets  of  functional  parameters  describing  re- 
straint system  characteristics.  The  set  used  in  the  FROST  model  predicts 
the  occupant  response  in  a vehicle  struck  in  the  frontal  direction.  The 
second  set,  used  in  the  HSRI  3-D  model,  predicts  the  occupant  response  in 
a vehicle  struck  in  the  side. 

The  seven  functional  parameters  used  in  frontal  direction  simu- 
lations are  shown  in  Table  9.  The  same  set  of  parameters  is  used  for  all 
four  restraint  systems  simulated  by  FROST:  (a)  air  bag,  (b)  air  bag  with 

lap  belt,  (c)  three-point  belt  system,  and  (d)  shoulder  belt  with  knee 
bar.  Each  parameter,  with  the  feasible  range,  is  shown  in  Table  9. 


Table  9 


Restraint  System  Parameters 

in 

Frontal 

Impacts 

Air  Bag 

Shoulder 

+ 

Belt  + 

Air  Bag 

Lap  Belt 

3-Point 

Knee  Bair 

Lap  Belt  Parameter 
(lb/ in/ in) 

0 

3450-8500 

3450-8500 

0 

Shoulder  Belt  Param- 
eter (Ib/in/in) 

0 

0 

3450-8500 

3450-8500 

Belt  Slack  (Preload) 

0 

+ 1 

+6" 

±6" 

Chest  Target  Loca- 
tion!./ 

1.5"-15.3" 

1.5"-15.3" 

1.5"-15.3" 

1.5"-15.3’ 

Chest  Target  Load 
(lbs) 

575-4250 

575-4250 

575-4250 

575-4250 

Knee  Pad  Load  (lbs) 

575-4250 

575-4250 

575-4250 

575-4250 

Knee  Pad  Location 

15"-25" 

15"-25" 

15"-25" 

15"-25" 

\J  0-18"  for  passenger 

The  physical  relationships  of  these  functional  parameters  to  the  occupant 
and  the  vehicle  in  the  FROST  simulation  are  Illustrated  in  Figure  2i. 
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SCHEMATIC  OF  FROST  OCCUPANT  MODEL 
(SHOWS  OCCUPANT,  POSSIBLE  CONTACT  SURFACES, 
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KNEE  TARGET 
— LOCATION  - 


Regardless  of  the  restraint  system  used,  the  functional  parame- 
ters considered  for  occupant  response  in  a side  impact  are  the  three 
shown  in  Table  10. 


/ 


Table  10 

Restraint  System  Parameters  in 
Side  Impacts 

Minimum 
Value 

1.  Side  bolster  force  level  in  pounds  500 

2.  Side  bolster  thickness  in  inches  0 

3.  Side  structural  force  level  in  pounds  35,000 

4 . 4 Dynamics  Model  Approximations 

As  discussed  in  Section  4.0,  RSV  Optimization  System,  1062  ex- 
posure conditions  were  simulated  in  the  system  model  to  determine  the  num- 
ber of  EFU’s  produced  by  a given  set  of  functional  parameters.  To  deter- 
mine an  optimal  set  of  functional  parameters  for  a given  restraint  system 
and  cost  constraint  requires  from  50  to  100  variations  of  functional 
parameters,  resul,ting  in  50,000  to  100,000  occupant  simulations.  To 
evaluate  two  restraint  systems  at  two  cost  levels  each  would  then  require 
200,000  to  400,000  occupant  simulations.  At  $25  per  occupant  simulation, 
the  total  cost  could  range  from  five  to  ten  million  dollars  for  the  occu- 
pant simulations  alone.  This  number  of  simulations  is  clearly  prohibitive. 

To  reduce  the  number  of  occupant  simulations,  approximating  func- 
tions were  developed  to  represent  the  functional  relationship  between  the 
inputs  and  outputs  of  interest.  Approximating  functions  are  quadratic 
polynomials,  which  can  be  evaluated  at  a fraction  of  the  cost  of  the  full 
simulation. 

Approximating  functions  were  used  in  the  system  model  for  all 
vehicle  simulations  and  for  the  side  impact  occupant.  A function  was  also 
developed  for  the  frontal  occupant  simulation,  but  was  not  suitable  for 
inclusion  in  the  system  model.  Instead,  a one-mass  upper  torso  simulation 
was  used  to  simulate  frontal  occupant  dynamics.  This  section  describes 
the  development  of  these  dynamics  model  approximations. 


Maximum 

Value 

1,000 

8.74 

70,000 
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4.4.1  Experiment  Design  Matrix  Rationale 

Experiment  Design  and  Response  Surface  Methodology.  Experience 
with  crash  simulations  and  test  data  suggest  that  occupant  and  vehicle 
responses  may  be  adequately  defined  by  a quadratic  function  of  vehicle 
physical  parameters  and  crash  severity  parameters. 

The  basic  form  of  such  a quadratis  is: 

y=3  +Z.3.x.+E..6x.x.;i<j,  [1] 

O IXX  XJIJX3  — LJ 

where  y is  a response  variable,  such  as  the  peak  value  of  head  or  chest 
acceleration.  The  Xj^  are  independently  controllable  variables,  and  the 
coefficients  are  to  be  determined  from  the  experimental  data  — the 
experimental  data  being  the  results  of  certain  selected  simulation  runs. 

In  developing  an  experiment  design  for  obtaining  data,  it  is 
necessary  to  recognize  that  the  amount  of  data  which  must  be  collected  is 
dependent  on  the  number  of  coefficients  in  the  quadratic  function  [1].  In 
particular,  the  value  of  N (the  number  of  trials)  must  be  at  least  equal 
to  the  number  of  coefficients  to  be  estimated.  The  structure  of  the  ex- 
periment design  determines  which  of  the  3 coefficients  can  be  estimated 
and  also  determines  the  precision  of  the  estimates.  Principles  inherent 
in  the  statistical  design  of  experiments  were  employed  in  establishing 
specific  experiment  trials  for  the  Battelle  and  FROST  simulations.  For 
the  Battelle  f ront-to-f ront  crash  simulation, the  variables  were 
arranged  in  three  groups,  as  follows: 


Group  1 Group  2 Group  3 

Foreframe  Type  (two  types)  Weight  of  Impacted  Vehicle  Stiffness 

Forefrarae  Force  Speed  of  RSV  Crush 

Aftframe  Force  Speed  of  Other  Vehicle 

Sheet  metal  Force 

Complete  central-composite,  second-order,  response  surface  de- 
signs consist  of  points  at  the  vertices  of  a cube  or  hypercube  (2^  points 
for  k variables) , points  on  the  axes  of  the  independent  variables  (2k 
points),  and  one  or  more  center  points.  Figure  22  illustrates  the  place- 
ment  of  points  when  k equals  3,  in  which  case  there  are  2 =8  points  at 

the  vertices  of  the  cube,  2x3=6  axial  points  which  are  on  the  faces 
of  the  cube, and  one  center  point,  for  a total  of  15  points.  Configurations 
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Figure  22 

Illustrative  Example  of  A 2 (where  k = 3) 
Experiment  Design  Augmented  with  Six  Axial 
Points  and  One  Center  Point  for  a Total  of 
Fifteen  Experimental  Conditions 


i 
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similar  to  the  illustration  (but  more  complex  were  used  in  developing 
the  actual  experiment  designs.  The  minimum  number  of  combinations  of 
levels  is  2^  + 2k  + 1.  In  Group  1 there  are  three  continuous  variables 
(foreframe  force,  aftframe  force,  and  sheet  metal  force),  requiring  15 
combinations  for  each  of  two  foreframe  types,  or  30  in  total.  For 
slightly  better  coverage  of  the  range  of  the  variables  in  Group  2,  it 
was  decided  to  run  four  equally  spaced  levels  of  each  variable,  or  4^  = 64 
total  trial  combinations.  The  design  in  Group  3 required  nine  combina- 
tions of  the  three  levels  of  each  of  the  independent  variables.  For  the 
three  groups  taken  together  there  are  30  x 64  x 9 = 17,280  possible  com- 
binations. 

The  mathematical  function  for  the  nine  variables  for  the 
Battelle  f ront-to-f ront  crash  simulation  has  54  parameters,  these  being  6q» 
nine  linear  terms,  Bj[,  eight  square  terms,  (one  variable,  foreframe 

type,  is  qualitative)  and  36  interactions,  3^j » i<j»  The  number  of  simu- 
lation trials,  N,  must  be  greater  than  the  number  of  parameters  to  be 
estimated.  While  N has  no  theoretical  upper  limit,  it  is  bounded  by  cost 
considerations.  The  choice  of  a specific  N remains  somewhat  arbitrary, 
however.  Within  the  constraint  on  N,  the  design  points  must  be  allocated 
within  the  experiment  space  in  such  a way  that  the  estimates  of  the  re- 
gression coefficients  have  minimum  uncertainty  and,  furthermore,  that  the 
estimates  of  the  regression  coefficients  be  as  mutually  independent  as 
possible.  Optimal  allocation  is  accomplished  by  maximizing  the  determi- 
nant of  X'X  (13),  where  X is  the  design  matrix  augmented  by  additional 
columns  to  represent  the  constant  term,  the  interaction  or  cross-product 
terms,  and  the  square  terms.  Each  row  of  the  design  matrix  specifies  the 
conditions  to  be  used  in  making  a simulation  run. 

For  the  f ront-to-f ront  crash  simulation,  it  can  be  seen  that 
repeating  the  30  combinations  of  variables  in  Group  1 three  times  would 
result  in  an  N of  90,  which  we  felt  would  provide  sufficient  coverage  of 
the  experiment  space.  To  complete  each  simulation  trial  specification, 
the  64  combinations  of  the  Group  2 variables  and  the  nine  combinations 


(13)  Otto  Dykstra,  Jr.,  "The  Augmentation  of  Experimental  Data  to  Maxi- 
mize /X'X/,"  Technometrics , Volume  13,  No.  3,  August  1971. 
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of  t:he  Group  3 variables  were  assigned  to  the  90  Group  1 combinations, 
in  such  a way  as  to  maximize  the  determinant  of  X'X. 

A design  of  128  experiment  trials  could  have  been  developed 
by  using  as  a nucleus  the  64  combinations  of  the  Group  2 variables,  re- 
peated twice.  To  these  we  could  have  assigned  the  combinations  of  Group  1 
and  Group  3 variables  so  as  to  maximize  X'X.  This  would  not  necessarily 
have  been  better  than  the  actual  90-run  design,  however,  since  the  4^  de- 
sign which  forms  the  nucleus  is  not  the  most  efficient  design  for  three 
variables  (only  15  different  points  are  needed) . 

The  design  for  the  Battelle  f ront-to-side  (RSV  in  front)  crash 
simulation  was  the  same  as  for  the  f ront-to-f ront  simulation,  except  that 
the  seventh  variable  (speed  of  the  other  vehicle)  was  not  used.  The 
mathematical  function  for  the  eight  variables  in  the  Battelle  front-to- 
side  simulation  has  44  parameters,  these  being  6^;  eight  linear  terms, 
seven  square  terms,  and  28  interactions,  Bfj » i < j* 

A smaller  design  of  60  trials  was  developed  for  the  Battelle 
f ront-to-rear  crash  simulations,  with  the  saaie  mathematical  function  as 
for  the  Battelle  f ront-to-side  crash  simulations.  With  one  less  variable 
in  Group  2,  the  number  of  Group  2 combinations  decreases  from  64  to  16, 
so  that  for  the  three  groups  taken  together  there  are  30  x 16  x 9 = 4,320 
possible  combinations.  The  same  design  was  used  for  the  f ront-to-barrier 
crash  simulations,  except  that  the  fifth  variable  (weight  of  impacted 
vehicle)  was  not  used.  In  this  case  the  mathematical  function  for  the 

seven  variables  has  35  parameters,  these  being  3 ; seven  linear  terms, 

o 

six  square  terms,  3^^;  and  21  interactions,  > i < j- 

The  design  for  the  simulation  of  occupant  dynamics  in  a front- 
to-front  crash  contains  more  variables,  so  that  N had  to  be  larger.  The 
approach,  as  described  above,  was  used  in  finding  the  design  for  simula- 
tions . 

The  variables  shown  in  Groups  2 and  3 on  the  following  page  are 
used  in  the  simulation  of  the  various  combinations  of  belt  and  air  bag 
restraint  system  which  have  been  described  in  Sections  4.3.1.  and  4.3.2. 
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Group  1 

Seven  Variables  Related 
to  the  Pulse 


Group  2 

Belt  Restraint  System 

Lap  Belt  Stiffness 

Shoulder  Belt  Stiff- 
ness 

Belt  Slack 


Group  3 

Chest  Target  Location 
Chest  Target  Load 
Knee  Pad  Load 


Knee  Pad  Location 
Occupant  Size 

In  Group  1,  there  are  2^  = 128  combinations  of  extreme  (high  and  low) 
levels,  14  axial  points,  and  a center  point.  It  was  seen  that,  for  each 
variable,  64  of  the  128  would  be  at  the  low  level  and  the  other  64  at 

the  high  level.  For  the  Group  1 variables,  repeating  the  axial  points 

and  center  point  four  times  each  would  provide  60  combinations  at  mid- 
levels, achieving  a fairly  uniform  sampling  of  levels,  each  replication 
being  in  combination  with  a different  set  of  conditions  from  the  variables 
of  Groups  2 and  3.  This  would  result  in  an  N of  188,  which  provides  mini- 
mal coverage  of  the  139  coefficient  model.  The  model  did  not  include  all 

possible  two-factor  interactions  — otherwise,  an  N even  larger  than  188 
would  have  been  required.  Also,  note  that  the  procedure  for  maximizing 
the  determinant  of  X'X  results  in  no  replications  of  any  complete  design 
point,  since  different  combinations  of  Group  2 and  Group  3 variables  are 
assigned  to  the  replicates  in  Group  1. 

Group  2 has  34  combinations  of  the  independent  variables,  made 
up  as  follows: 


one  combination,  without  lap  and 
shoulder  belts 

nine  combinations  of  lap  belt 
stiffness  (three  levels  of  stiff- 
ness) and  lap  belt  slack  (three 
levels  of  slack) 

nine  combinations  of  shoulder  belt 
stiffness  and  shoulder  belt  slack 

15  combinations  (2^  + 2k  + 1 = 8 
+ 6 4-1)  of  lap  belt  stiffness, 
shoulder  belt  stiffness,  and  belt 
slack  (pertaining  to  lap  belts  and 
- and  shoulder  belts) 

Group  3 has  75  combinations,  these  being  the  16+8+1  com- 
binations of  the  first  four  variables,  for  each  of  three  occupant  sizes. 
We  note  in  passing  that  there  are  a total  of  143  x 34  x 75  = 364,650 


Air  bag: 

Lap  belt  only: 

Shoulder  belt  only: 
Three-point  system: 
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possible  combinations.  Using  a method  similar  to  that  used  in  developing 
the  experiment  design  for  the  Battelle  crash  simulations,  the  Group  2 and 
Group  3 combinations  were  assigned  to  the  188  combinations  of  Group  1 
variables  in  such  a way  as  to  maximize  the  deteirminant  of  X'X. 

Subsequently,  the  variables  in  Group  2 were  redefined  as 

follows: 


Redefined  Group  2 
Lap  Belt  (presence  or  absence) 

Shoulder  Belt  (presence  or  absence) 

Lap  Belt  Stiffness 
Shoulder  Belt  Stiffness 
Lap  Belt  Slack 
Shoulder  Belt  Slack 

Furthermore,  the  variable  Occupant  Size  was  redefined  as  a continuous 
variable  (rather  than  as  an  indicator  variable) , using  height  as  the 
basis  of  assignment. 

The  variables  for  the  simulation  of  occupant  dynamics  in  a 


f ront-to-side  crash  were 

grouped  as  follows: 

Group  1 

Group  2 

Group  3 

Side  Window  (yes,  no) 

Door  Pulse  Slope 

Occupant- to-Door  Distance 

Tumblehome 

Door  Pulse  Maximum 
Intrusion 

Occupant  Size 

Bolster  Force 

Vehicle  Pulse  X 

Bolster  Thickness 

Vehicle  Pulse  Time 

The  mathematical  model,  with  the  two  occupant  variables  redefined  as  a 
single  continuous  variable,  requires  65  parameters,  these  being  the  Bq* 
ten  linear  terms,  3j_,  nine  square  terms,  and  45  interactions,  3j[j » 

i < j.  A 90-trial  design  was  developed,  based  on  repeating  three  times 
each  the  30  combinations  of  Group  1 variables  and  assigning  as  described 
earlier  the  25  combinations  of  Group  2 variables  and  the  nine  combinations 
of  Group  3 variables.  We  note  that  there  are  (30)  x (25)  x (9)  = 6,750 
possible  combinations.  The  90-trial  design  was  not  satisfactory,  however, 
because  the  90  trials  would  not  have  provided  sufficient  coverage  for  the 
65  parameters,  and  16  additional  trials  (the  2'^  combinations  of  extreme 
conditions  of  the  Group  1 variables)  were  added,  to  make  106  total  trials. 
The  Group  2 and  Group  3 combinations  were  reassigned,  of  course. 
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The  experiment  design  yields  two  types  of  polynomials  that 
define  two  different  response  surfaces  as  functions  of  independent  parame- 
ters. The  first  type  of  polynomial  describes  the  severity  of  the  vehicle 
compartment  impact  as  a function  of  vehicle  structural  parameters  and 
accident  variables  such  as  vehicle  weight  and  impact  speed.  The  second 
type  of  polynomial  determines  the  occupant  response  as  a function  of  vehi- 
cle compartment  severity,  occupant  restraint  system  parameters,  and  occu- 
pant size.  For  a given  set  of  functional  parameters  and  accident  variables, 
the  occupant  injury-related  responses  can  be  estimated  by  direct  substitu- 
tion into  these  polynomials.  Further,  occupant  response  can  be  translated 
into  Equivalent  Fatality  Units  (EFU)  by  the  biomechanical  model  described 
in  Section  A . 5 . 

4.4.2  Vehicle  Experiment  Design  and  Regression  Model  Results 

In  this  section  the  specific  experiment  designs  used  for  the 
Battelle  structural  dynamics  simulations  are  given.  The  designs  are  stated 
in  coded  and  scaled  units  suitable  for  multiple  regression  analysis,  and 
the  coding  and  scaling  parameters  are  also  presented.  The  response  data 
are  included  along  with  the  regression  coefficients. 

In  order  to  provide  some  perspective  regarding  the  variables 
being  studied,  we  note  that  a maximum  of  nine  variables  appear  in  the 
experiment  designs,  all  nine  being  active  for  the  f ront-to-f ront  collision 
simulations.  Two  of  the  variables  are  speeds  of  each  of  the  two  vehicles, 
used  to  effect  a range  of  closing  speeds.  Only  one  speed  variable  is  re- 
quired for  the  f ront-to-side  (RSV  in  front)  and  front-to-barrier  collision 
simulations,  so  that  only  eight  variables  appear  in  the  latter  simulations. 
The  front-to-barrier  collision  simulations  do  not  require  "weight  of  the 
other  vehicle"  as  a variable,  so  that  the  front-to-barrier  collision  simu- 
lations use  only  seven  variables.  Only  three  variables  were  used  in  the 
f ront-to-side  (RSV  in  side)  collision  simulations. 

Front-to-Front  Collision  Simulation.  The  variables  of  interest 
are  identified  in  Table  11,  which  also  shows  how  the  levels  of  the  varia- 
bles were  coded. 
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Table  11 


Variables  Used  in  Battelle  Collision  Simulations 


Variables 


Codes  For  The  Levels  Of  The  Variables 


1. 

Foreframe 

-1 

= 

non-hydraulic 

+1 

= 

hydraulic 

2. 

Foreframe  Force  (Kips) 

-1 

= 

20 

(for  hydraulic,  at  30  mph) 

0 

= 

37 

+1 

— 

54 

3. 

Aftframe  Force  (Kips) 

-1 

= 

25 

0 

= 

45 

+1 

= 

65 

4. 

Sheetmetal  Force  (Kips) 

-1 

= 

3 

0 

= 

7.5 

+1 

= 

12 

5. 

Weight  of  Impacted  Vehicle 

-3 

= 

2,000 

(pounds) 

-1 

= 

3,000 

+1 

= 

4,000 

+3 

= 

5,000 

6. 

Speed  of  RSV  (mph) 

-3 

= 

20 

-1 

= 

30 

+1 

= 

40 

+3 

= 

50 

7. 

Speed  of  OTHER  Vehicle 

-3 

= 

20 

(mph) 

-1 

= 

30 

+1 

40 

+3 

= 

50 

Sheetmetal 

2 

3 

4 

Aft-  Sheet- 
Frame  Metal** 

5 35 

6.5  44 

8 53 

*Only  for  non-hydraulic  foreframe. 

**Includes  5-inch  slack. 


8.  Stiffness  Level  (Kips/inch) 

Foreframe* 

Aftframe 

-1 

7 

60 

0 

13.5 

85 

+1 

20 

110 

9.  Crush  Length 

Fore frame 

Level 

Non-Hydraulic  Hydraulic 

(inches) 

-1 

28 

15 

0 

35.5 

19 

+1 

43 

23 

/ , 
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The  levels  of  the  variables  used  in  the  designs  are  identified 
as  follows: 

X(l)  = an  indicator  variable,  being  +1  for  a hydraulic 
foreframe  and  -1  for  a non-hydraulic  foreframe 
X(2)  = (foreframe  force  - 37)/17 
X(3)  = (aftframe  force  - A5)/20 
X(4)  = (sheet  metal  force  - 7. 5) /A. 5 
X(5)  = (weight  of  Impacted  vehicle  - 3500) /500 
X(6)  = (speed  of  RSV  - 35) /5 
X(7)  = (speed  of  other  vehicle  - 35) /5 
X(8)  = (non-hydraulic  foreframe  stiffness  - 13.5)/6.5 
and  (aftframe  stiffness  - 85)/25 
and  (sheet  metal  stiffness  - 3) 

X(9)  = (non-hydraulic  foreframe  crush  length  - 35.5)/7.5 
and  (hydraulic  foreframe  crush  length  - 19) /A 
and  (aftframe  crush  length  - 6. 5) /I. 5 
and  (sheet  metal  crush  length  - AA)/9. 

Note  that  the  stiffness  (and  likewise  crush  length)  variable  is  defined 
in  such  a way  that  variations  in  foreframe  stiffness,  aftframe  stiffness, 
and  sheet  metal  stiffness  are  made  in  parallel,  not  independently.  Thus, 
a given  value  of  X(8)  defines  three  stiffness  values.  The  design  is  in 
Table  A-1  of  Appendix  A. 

Front-to-Slde  (RSV  in  Front)  Collision  Simulations.  The  design 
with  90  trials  which  was  used  for  the  f ront-to-f ront  collision  simulations, 
(Table  A-1),  was  also  used  for  the  f ront-to-side  (RSV  in  front)  collision 
simulations,  except  that  X(7)  was  not  used.  Note  that  all  regression  coef- 
ficients involving  X(7)  in  Table  A-1  are  equal  to  zero. 

Front- to-Rear  Collision  Simulation.  A smaller  experiment  design 
of  60  trials  was  developed  for  the  f ront-to-rear  collision  simulations 
(see  Table  A-2) . The  speed  of  the  other  vehicle  was  omitted  from  this 
design,  so  that  X(7)  in  the  smaller  design  represents  stiffness  and  X(8) 
represents  crush  length. 

Front-to-Barrler  Collision  Simulation.  The  design  of  60  trials 
(in  Table  A-2)  which  was  used  for  the  f ront-to-rear  collision  simulations 
was  also  used  for  the  front-to-barrier  collision  simulations,  except  that 
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the  "weight  of  impacted  vehicle"  was  not  relevant.  Variable  X(5)  was  not 
used,  and  all  coefficients  involving  X(5)  are  equal  to  zero. 

Front-to-Side  (RSV  in  Side)  Collision  Simulation.  The  design 
(Table  A-3)  was  for  a complete  factorial  experiment  with  four  levels  of 
weight  of  striking  vehicle,  three  levels  of  speed  of  striking  vehicle,  and 
three  levels  of  RSV  side-door  force,  with 

X(l)  = (striking  vehicle  weight  - 3500) /500 
X(2)  = (speed  of  striking  vehicle  - 30) /lO 
X(3)  = (RSV  side-door  force  level  - 1.5)/0.5 

Determining  a Model.  The  regression  coefficients  are  estimated 
by  the  method  of  least  squares.  In  matrix  notation  we  have 

Y = a vector  of  n responses, 

X = a matrix  of  n rows  and  p columns,  and 

B = a vector  of  p estimated  regression  coefficients. 

The  matrix  X has  a column  of  I's  for  the  constant  term,  one  column  for 
each  design  variable,  and  additional  columns  of  squares  and  cross-products 
of  the  design  variables.  The  regression  coefficients  are  estimated  by 
B = (X'X)"^  X'Y 

and  the  term  which  is  minimized  is 
(Y-XB) ' (Y-XB) . 

the  latter  term  is  the  difference  between  an  observation  and  the  value  pre- 
dicted by  the  model,  the  difference  being  squared  and  summed  over  all  n 
observations . 

In  the  usual  regression  analysis  it  is  assumed  that  the  differ- 
ences between  the  observations  and  the  true  responses  are  independently, 
normally  distributed  with  mean  0 and  common  variance  a^.  In  the  analysis 
of  crash  simulation  data  the  assumption  of  independence  is  valid,  but  the 
failure  of  the  model  to  predict  the  data  represents  lack-of-fit,  referred 
to  as  "bias."  Using  least  squares  amounts  to  minimizing  the  squared  bias. 
Statistical  methods  are  applicable  in  the  analysis  of  simulation  data, 
but  one  should  remember  that  bias  in  dealt  with  rather  than  random  error 
of  measurement. 

The  general  goal  in  performing  a multiple  regression  analysis 
is  to  describe  a body  of  data  with  a minimum  of  regression  coefficients. 

It  is  obvious  that  numerically  small  regression  coefficients  contribute 
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minimally  to  the  predictions.  The  variance  of  uncertainty  in  a predic- 
tion can  be  written  as 

Var  (y/x)  = x (X’X)^^  x’, 

where  y is  the  predicted  response  for  a set  of  conditions  x,  which  is  a 
row  vector.  Note  that  x might  be  a row  of  the  matrix  X,  or  it  might 
represent  some  other  conditions.  It  is  a fact  that  the  variance  of  a 
prediction  increases  as  additional  terms  are  included  in  the  model. 
Conversely,  the  uncertainty  in  a prediction  can  be  reduced,  without  ma- 
terially affecting  the  predicted  response,  if  unnecessary  terms  are 
excluded  from  the  model.  Identifying  which  terms  are  unnecessary  can 
be  judgmental.  In  the  analysis  of  the  vehicle  simulations  we  have 
adapted  Paul's  rule  for  pooling,  which  states  (in  an  analysis-of-variance 
situation)  that,  if  the  F-statistic  for  an  effect  is  less  than  twice  the 
50th  percent  critical  F,  one  should  discard  that  effect  and  include  its 
sum  of  squares  in  the  residual.  In  appraising  our  regression  coefficients 
against  mean-square-bias,  we  determine  a t-statistic  with  n-p  degrees  of 
freedom,  specifically 


where  bj^  is  any  estimated  regression  coefficient,  Cj^j^  is  the  i*"^  diagonal 
element  of  C = (X'X)  and  s is  the  mean-square-bias. 

s2  = (Y-XB)'  (Y-XB) / (n-p) . 

In  order  to  adapt  Paul's  rule  we  note  that 

t2  (n-1  degrees  of  freedom)  = F(l,n-p  degrees  of  freedom) 
so  that  we  may  discard  a variable  if  its  t-statistic  (in  absolute  value) 
is  less  than  times  the  50  percent  critical  t,  the  latter  approaching 

0.6745  as  n-p  increases.  The  resultant  is  close  to  1.0,  which  is  the  value 
that  was  used . 

Another  less  apparent  benefit  in  discarding  variables  whose 
t-statistics  are  less  than  one  is  that  the  recalculated  s^  has  decreased. 
Thus,  since  s^  is  used  as  an  estimate  of  o^,  the  estimated  variance  of  a 
prediction  is  reduced  in  two  ways. 

Lastly,  the  regression  coefficients  have  greater  statistical  in- 
dependence if  unnecessary  variables  are  excluded.  Writing  A = X'X  and 
C = A“1  = (X'X)“^,  we  can  measure  the  independence  of  a predictor  by 
r2  = 1 - l/(a..  Cii), 
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where  and  are  the  diagonal  elements  of  A and  C,  respectively. 

R?  is  the  multiple  correlation  of  the  i^^  variable  with  all  other  varia- 
1 

bles.  Discarding  variables  which  do  not  contribute  to  the  prediction 
2 

also  reduces  R.,  which  is  desirable. 

Making  Predictions.  The  regression  coefficients  appear  in 
columns  in  Table  A-12  through  A-19.  The  columns  are  identified  with 
response  variables  in  the  same  fashion  as  shown  in  Table  A-4  through  A-1]., 
respectively.  In  using  the  prediction  model, 

y - 3o  + ^ijj^ij^i^j 

there  are  three  types  of  coefficients  — a general  constant  term  coef- 
ficient for  a single  X variable,  and  coefficients  for  two  X variables. 
Each  line  of  regression  coefficients  is  identified  by  a leading  indicator 
which  precedes  the  coefficients  in  the  listings  and  by  two  trailing  indi- 
cators which  follow  the  listed  coefficients.  The  key  to  these  indicators 
is  as  follows: 

1.  The  general  constant  appears  last,  and  the  trail- 
ing indicators  both  equal  -1, 

2.  The  coefficients  for  a single  X appear  at  the  be- 
ginning of  each  column  listing,  with  the  leading 
indicator  identifying  the  X variable.  For  these 
coefficients  the  trailing  indicators  are  equal  to 
zero . 

3.  The  coefficients  for  two  X variables  are  denoted 
by  positive  trailing  indicators,  with  one  trail- 
ing indicator  representing  "i"  and  the  other 
representing  "j"  in  the  3^j  Xj  part  of  the 
model . 

The  following  illustrates  how  the  regression  coefficients  are 
used  to  predict  the  second  response  (T£  in  milliseconds)  for  the  RSV  in 
a f ront-to-side  (RSV  in  side)  collision.  See  Table  A-11.  The  coeffi- 
cients appear  in  Table  A-19.  In  particular,  the  prediction  will  be  for 
run  2 with  a striking  vehicle  weight  of  3,000  pounds,  so  that  X(l)  = 
(3,000-3,500)7500  = -1,  a striking  vehicle  speed  of  20  mph,  so  that  X(2)  = 
(20-30) /lO  = -1,  and  an  RSV  side-door  force  level  of  1.0,  so  that  X(3)  = 
(1.0-1.5)70.5  = -1.  See  Table  A-3.  The  coefficients  and  the  X values  are 
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Product  of  3 
and  X 


Si 

= 

3.339 

’‘i 

= 

-1 

- 3.339 

^2 

= 

7.292 

= 

-1 

- 7.292 

= 

10.542 

= 

-1 

10.542 

= 

3ll  = -0.424 

= 

1 

- 0.424 

S5 

= 

6^2  " 0-0 

X1X2 

= 

1 

0.0 

= 

822  = 1-708 

=^2 

= 

1 

1.708 

S7 

= 

613  = -0.458 

X1X3 

= 

1 

- 0.458 

Ss 

= 

0.0 

X2X3 

= 

1 

0.0 

S9 

= 

633=  4.958 

= 

1 

4.958 

^10 

= 

3 = 89.313 

0 

89.313 

Sum  = Prediction  = 95.008 


The  actual  observed  value  of  90  appears  in  the  second  column,  second  row 
of  the  response  data. 

4.4.3  Occupant  Dynamics  Experiment  Design  and  Regression  Model  Results 
The  purpose  of  this  segment  of  the  RSV  project  was  to  develop 
simple  polynomial  functions  which  could  be  used  to  predict  the  maximum 
resultant  head  and  chest  accelerations  of  an  occupant  in  a variety  of 
f ront-to-f ront  and  f ront-to-side  collisions.  The  data  for  the  front-to- 
f ront  collision  polynomial  regression  models  were  generated  by  running  an 
occupant  dynamics  simulation  model  at  188  distinct  combinations  of  the  18 
independently  controlled  variables  described  in  Section  4.2  of  this  re- 
port. The  data  for  the  f ront-to-side  collision  polynomial  regression 
models  was  also  generated  from  an  occupant  dynamics  model.  This  model 
was  run  at  106  distinct  combinations  of  the  ten  independently  controlled 
variables  described  in  Section  4.2  for  f ront-to-side  collisions.  The 
prescriptions  for  each  of  the  f ront-to-f ront  and  f ront-to-side  collision 
simulations  are  contained  in  Tables  12  and  13,  respectively.  These  pre- 
scriptions are  a direct  result  of  the  experiment  designs  developed  in 
Section  4.2  for  the  f ront-to-f  ront  and  f ront-to-^side  collision  modes. 
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Frontal  Impact  Occupant  Dynamics  Simulation  Summary 
Model  Parameters  and  Test  Results 
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(3)  The  restraint  system  parameters  refered  to  here 
are  described  in  Table 
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Vehicle  Pulse  Parameters  (1)  Restraint  System  Parameters  (3) Test  Results 
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Table  12  (Con*t.) 

Run  Vehicle  Pulse  Paraaetera  (1) Restraint  System  Parameters  (3) Test  Results 

No.  Tl/  TV/  T2/  API/  AV/  Velocity  Crush  Lap  Belt  Shoulder  Belt  Preload/  Chest  Target  Knee  Target  3Ms  Chest  3Ms  Head 
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Table  13 

Side  Impact  Occupant  Dynamlca  Simulation  Sumnary 
Model  Parameters  and  Test  Results  (1) 
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and  95th  percentile  points,  respectively,  of  the 
cumulative  distribution  of  all  occupant  standing  heights. 


Side  Window  Bolster  Door  Pulse Vehicle  Pulse  Occupant  To  Occupant ^ t Re^u  1 ^ 
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Front-to-Barrler  Occupant  Dynamics  Simulations.  The  188  ojccu- 
pant  dynamics  simulations  were  screened  for  runs  in  which  the  simulated 
occupant  kinematics  were  clearly  unrealistic.  The  runs  with  unusual  occu- 
pant kineniatics  are  identified  (by  an  asterisk)  in  Table  11;  the  maximum 
resultant  head  and  chest  occupant  acceleration  responses  from  these  Simula 
tions  were  not  used  in  any  of  the  regression  analyses.  The  procedures 
used  to  develop  the  polynomial  models  for  both  the  occupant  head  and  chest 
acceleration  responses  were  identical  and,  therefore,  only  the  development 
of  the  maximum  resultant  chest  acceleration  model  will  be  discussed  below 
in  detail. 

Eight  of  the  f ront-to-f ront  occupant  dynamics  simulations  were 
eliminated  because  of  unrealistic  simulated  occupant  kinematics.  The  re- 
maining 180  maximum  chest  acceleration  responses  were  used  to  develop  the 
f ront-to-f ront  collision  — occupant  chest  acceleration  polynomial.  The 
independently  controlled  variables  which  were  considered  in  developing  a 
f rontal-imapct  collision  — chest  acceleration  polynomial  are  listed  in 
Table  14.  In  order  to  avoid  matrix  round-off  errors  in  our  multiple  re- 
gression calculations,  the  levels  of  each  independent  variable  were  coded 
so  that  the  middle  level  was  equal  to  zero,  the  high  level  equal  to  plus 
one,  and  the  low  level  equal  to  the  negative  number  which  maintains  the 
proportionate  distance  between  the  actual  levels  of  each  of  the  indepen- 
dent variables. 

The  independent  variables  in  Table  14  can  be  divided  into  three 
types:  the  18  original  first-order  independent  variables  (which  aid  us 

in  predicting  linear  trends  in  the  data) , the  squared  terms  (which,  if 
estimable,  provide  for  the  possibility  that  peak  chest  acceleration  may 
vary  quadratically  in  one  or  more  of  the  variables),  and  cross-product 
terms  (which,  if  estimable,  assist  in  predicting  the  occupant’s  chest 
acceleration  when  the  occupant  reacts  differently  at  different  levels  of 
two  or  more  of  the  original  independent  variables) . 

The  first  step  in  the  model  development  procedure  was  to  com- 
pute a correlation  matrix  for  all  146  independent  and  one  dependent 
variables.  This  matrix  was  carefully  examined,  and  simple  linear  regres- 
sions with  small  subsets  of  the  146  independent  variables  were  run  to 
gain  a feel  for  the  effect  of  the  18  Independent  first-order  variables. 
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Table  14 


Description  of  the  Independent  Variables 
Considered  in  the  Frontal  Impact 
Regression  Polynomials 


Vari- 

Actual  Parameters 

Coded  Parameter 

able 

Levels 

Levels 

Number 

Description 

Low  Middle  High 

Low  Middle  High 

1 

T^/Tp 

.10 

.20 

.30 

-1 

0 

1 

2 

T /T 

.40 

.50 

.60 

-1 

0 

1 

0 

V p 

T„/T 

.70 

.80 

.90 

-1 

0 

1 

4 

2 P 

Velocity  (mph) 

15 

35 

55 

-1 

0 

1 

5 

AP^/AP^ 

.575 

1.25 

1.70 

-1.5 

0 

1 

6 

AV/AP^ 

.115 

1.05 

1.70 

-1.44 

0 

1 

7 

Travel  (in) 

10" 

20" 

30" 

-1 

0 

1 

8 

9 

10 

Lap  Belt  Indicator 
Shoulder  Belt  Indicator 
Lap  Belt  Force/Strain 
(Ibs/in/in) 

3450 

6500 

8500 

0(No) 

0(No) 

-1.525 

0 

l(Yes) 

l(Yes) 

1 

11 

Shoulder  Belt  Force/ 
strain  (Ibs/in/in) 

3450 

6500 

8500 

-1.525 

0 

1 

12 

Lap  Belt  Preload  (lbs/ 
slack  (in) 

195/. 001 

10/. 001 

10/5.1 

-.667 

0 

1 

13 

Shoulder  Belt  Preload 
(lbs) /slack  (in) 

195/. 001 

10/. 001 

10/5.1 

-.667 

0 

1 

14 

Chest  Target  Location 
(in) 

1.5 

9.0 

15.3 

-1.19 

0 

1 

15 

Chest  Target  Force  (lbs) 

575 

2750 

4250 

-1.45 

0 

1 

16 

Knee  Target  Location  (in)  15 

20 

25 

-1 

0 

1 

17 

Knee  Target  Force  (lbs) 

575 

2750 

4250 

-1.45 

0 

1 

18 

Occupant  Stature  (in) 

59.8 

68.75 

73.25 

-1.99 

0 

1 

Variable 

Variable 

(X) 

(X) 

Number 

Description 

Number 

Description 

19 

hh  - 

2b 

^10^10  ~ 

20 

XjXj 

27 

hihi 

21 

^3^3 

Vehicle 

28 

22 

-4''4 

Pulse 

29 

hshs 

Squares 

Parameters 

Of  The 

23 

X5X3 

Squared 

30 

Remaining 

First- 

24 

31 

Order 

Terms 

25 

XyX^  J 

32 

hehe 

33 

X,  ^x, , 

17  17 

34 

X,  „ — 

18  18 
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Table  14  (Con’t.) 


Variable 

(X) 

Number  Description 


Variable 


(X) 

Number 


35 

X 

X - 
8 

56 

X 

’'ll 

36 

X 

=^8 

57 

>^2 

X 

’'ll 

37 

X 

^8 

Pulse  X 

58 

X 

='ll 

38 

X 

Lap  Belt 
Interactions 

59 

h 

X 

’'ll 

39 

X 

^8 

60 

^5 

X 

’'ll 

40 

^6 

X 

=^8 

61 

’'e 

X 

’'ll 

41 

X 

62 

X 

’'ll 

42 

X 

s- 

63 

h 

X 

’'12 

43 

X 

s 

64 

^2 

X 

’'12 

44 

X 

s 

Pulse  X 

65 

h 

X 

’'12 

45 

X 

s 

Shoulder 

Belt 

66 

h 

X 

’'12 

46 

X 

^9 

Interactions 

67 

X 

’'12 

47 

X 

=^9 

68 

h 

X 

’'12 

48 

='7 

X 

69 

==7 

X 

’'12 

49 

X 

^10~ 

70 

X 

’'13 

50 

>"2 

X 

^10 

71 

X 

’'13 

51 

X 

^10 

Pulse  X 

72 

=^3 

X 

’'13 

52 

=^4 

X 

o 

1— t 
X! 

Belt  Force 
Interactions 

73 

=^4 

X 

”13 

53 

X 

o 
1 — 1 
X 

74 

X 

’'13 

54 

=^6 

X 

’'lO 

75 

X 

’'13 

55 

’^7 

X 

^10- 

76 

^7 

X 

’'13 

Description 


Pulse  X 
Shoulder 
Belt  Force 
Interactions 


Pulse  X 
Lap  Belt 
Preload/Slack 
Interactions 


Pulse  X 
Shoulder  Belt 
Preload/Slack 
Interactions 
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Table  lA  (Con't.) 


Variable 

(X) 

Number 


Description 


Variable 

(X) 

Number 


Description 


77 

’'i 

X 

’'14 

78 

’'2 

X 

’'14 

79 

’'3 

X 

’'14 

80 

’'4 

X 

’'14 

81 

X 

’'14 

82 

’'6 

X 

’'14 

83 

’'7 

X 

’'14 

84 

’'l 

X 

’'15 

85 

’'2 

X 

’'15 

86 

’'3 

X 

’'15 

87 

’'4 

X 

’'15 

88 

’'5 

X 

’'15 

89 

’'6 

X 

’'15 

90 

’'7 

X 

’'15 

91 

’'l 

X 

’'16 

92 

’'2 

X 

’'16 

93 

’'3 

X 

’'16 

94 

’'4 

X 

’'16 

95 

”5 

X 

’'16 

96 

’'6 

X 

’'16 

97 

’'7 

X 

’'16 

Pulse  X 
Knee  Pad 
Location 
Interactions 


98 

’'i 

X 

’'17- 

99 

’'2 

X 

’'17 

Pulse  X 

100 

X3 

X 

’'17 

Chest  Target 
Location 

101 

’'4 

X 

’'17 

Pulse  X 
Knee  Pad 

Interactions 

102 

’'5 

X 

’'17 

Force 

103 

’'6 

X 

’'17 

104 

’'7 

X 

’'17  - 

105 

’'1 

X 

’'18- 

106 

’'2 

X 

’'18 

Pulse  X 
Chest  Target 

107 

’'3 

X 

’'is 

Pulse 

Location 

Interactions 

108 

’'4 

X 

’'is 

Occupant 

Size 

109 

’'5 

X 

’'is 

110 

’'6 

X 

’'is 

111 

’'7 

X 

’'18-* 

112 

113 

114 

115 

116 

117 

118 


Xio  X X^2 


Lap  Belt  Force  x 
Lap  Belt  Preload/Slack 
Lap  Belt  Force  x 


^10  ^ ^11 — C Shoulder  Belt  Force 


’'is — C 


’'ll  “13 


’'lo  " ’'u- 

Xio  X X^3- 


’'lO  " ’'16 
’'lO  ’'l7 


Shoulder  Belt  Force  x 
Shoulder  Belt  Preload  Slack 


Lap  Belt  Force  x Chest  Target 


Lap  Belt  Force  x Knee  Target 
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Table  14  (Con't.) 


Variable 

(X) 

Number 

119  X 

120  X 

121  X^^  X 

122  X^^  X 

123  X^2 

124  X^2  ^ 

125  X^2  ^ 

126  X^2  ^ 

127  X^^  X 

128  X^^  X 

129  X^2  X 

130  X^2  X 

131  X,,  X 

14 

132  X^,  X 

14 

133  X,,  X 

14 

134  X^^  X 

135  X^^  X 

136  X^ , X 

io 

137  X^ Q X 

io 

138  X, o X 

io 

139  X^„  X 

io 


Description 


14 

15 


Shoulder  Belt  Force  x Chest 


16 

^17  ~ 


Shoulder  Belt  Force  x Knee 


14 

15 


f Lap  Belt  Preload/Slack  x Chest 


16 


17 


Lap  Belt  Preload/Slack  x Knee 


14 


15 


— Shoulder  Belt  Preload/Slack  x Chest 


16 


17 


15 


16 


Shoulder  Belt  Preload/Slack  x Knee 


Chest  Target  Location  x Target  Force 


17 


Chest  Target  Location  x Knee 


17 


— Chest  Force  x Knee 


— - — Knee  Pad  Location  x Pad  Force 


X„  Occupant  x Lap  Belt 

O 


Occupant  x Shoulder  Belt 


— Occupant  x Lap  Belt  Force 
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Variable 

(X) 

Number 


Table  14  (Con*t.) 


140 

='l8 

X 

’'ll 

Occupant 

141 

^18 

X 

’'12 

Occupant 

142 

’'is 

X 

’'13 

Occupant 

143 

X 

1-* 

00 

X 

’'14 

Occupant 

144 

’'is 

X 

’'15 

Occupant 

145 

X 

1-* 

00 

X 

’'16 

Occupant 

146 

^18 

X 

’'17 

Occupant 

Description 
X Shoulder  Belt  Force 
X Lap  Belt  


— Preload 


X Shoulder  Belt 

X Chest  Target  Location 
X Chest  Target  Force 
X Knee  Target  Location 
X Knee  Target  Force 


The  results  of  these  simple  linear  regressions  indicate  that 
the  following  first-order  independent  variables  are  "dominant"  in  their 
influence  on  the  occupant’s  chest  acceleration: 

Vehicle  velocity  (X^) 


(X^) 

(X^) 


. Vehicle  travel 

. A /A 
V p2 

. The  lap  belt  and  the  lap  belt  force,  and 

. The  chest  target  force. 

The  correlation  matrix  was  perused  for  highly  correlated 
independent  variables.  Factor  analysis  techniques  were  employed  as 
an  aid  in  our  examination  of  the  correlation  matrix,  which  revealed 
that: 


. Several  of  the  independent  variables  have  cor- 
relation coefficients  between  .2  and  .4, 

. Several  of  the  squared  terms  are  very  highly 
correlated  with  each  other,  and 
. Substantial  correlation  exists  between  some 
of  the  first-order  independent  variables  and 
their  corresponding  squared  terms. 

These  results  indicate  that  computational  problems  may  occur  in  the  multiple 
regression  analyses,  and  interpreting  regression  analysis  results  may  be 
difficult  due  to  high  correlations  between  important  independent 
variables . 

The  second  step  in  the  model  development  procedure  was  to  ex- 
amine several  fitted  regression  equations.  For  each  of  the  180  occupant 
dynamics  simulations,  the  values  for  all  of  the  146  independent  variables 
and  the  corresponding  maximum  chest  acceleration  response  were  entered  in- 
to a modified  version  of  the  stepwise  regression  program  from  the  UCLA  BliD 
biomedical  computer  program  package.  Several  regression  polynomials,  from 
a polynomial  containing  all  146  independent  variables  to  one  containing 
only  the  32  most  important  independent  variables,  were  examined.  Each  poly- 
nomial was  evaluated  by  means  of  the  following  check-out  procedure: 

1.  The  residuals  from  each  regression  analysis 

were  examined  «and  plotted  against  all  18  first- 
order  independent  variables  and  against  the  pre- 
dicted maximum  chest  acceleration. 
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2. 


The  square  of  the  multiple  correlation  coef- 
2 

ficient,  R , and  the  average  value  of  the 
absolute  values  of  the  residuals  were  computed. 

3.  The  coefficients  Were  inspected  for  reasonable- 
ness . 

4.  Three  of  the  180  occupant  dynamics  simulations 
were  selected;  one  simulation  with  most  of  the 
18  independent  variables  at  their  high  design 
levels,  another  simulation  with  the  levels  in 
the  middle,  and  a third  simulation  with  most  of 
the  first-order  independent  variables  set  at 
their  low  design  levels.  For  each  of  the  three 
simulation  situations,  the  important  parameters 
were  varied  one  at  a time  across  their  design 
ranges  in  the  polynomial  regression  model,  and 
the  resulting  predictions  were  graphed.  These 
graphs  were  then  examined  for  logical  consistency 
across  the  design  range  of  each  first-order 
independent  variable. 

All  the  the  regression  polynomials  considered  in  step  two  of 
our  model  development  procedure  failed  one  or  more  steps  in  the  check- 
out procedure.  The  results  of  step  two  suggested  that  future  regression 
analyses  on  the  maximum  resultant  chest  acceleration  responses  should  be 
done  using  natural  logarithms  of  the  responses,  and  because  of  the  high 
correlations  between  independent  variables  which  were  observed  in  step 
one  of  the  model  development  procedure,  multiple  ridge  regression  should 
be  used  in  place  of  the  regular  multiple  regression. 

In  step  three  of  the  model  development  procedure,  several  multi- 
ple ridge  regression  polynomials  for  the  natural  logarithm  of  the  occu- 
pant's maximum  chest  acceleration  responses  were  examined  using  the  check- 
out procedure  described  in  step  two,  A slight  modification  was  made  to 
Ford's  version  of  the  BMD  stepwise  regression  program  in  order  to  do  the 
ridge  regression  analyses.  Again,  none  of  the  frontal  impact  regression 
polynomials  were  acceptable  in  every  step  of  the  check-out  procedure.  Our 
examination  of  these  polynomials  revealed  three  problems: 
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. Including  all  or  most  of  the  146  independent 
variables  in  the  model  permits  one  to  predict 
the  actual  output  of  the  occupant  dynamics 
simulations  very  well,  but  predicted  maximum 
chest  accelerations  (from  the  resulting  poly- 
nomial) at  the  middle  levels  of  some  of  the 
first-order  variables  do  not  agree  with  results 
yielded  by  the  simulation  model  and  actual 
barrier  test  results.  These  regression  models 
are  over-determined.  The  regression  models 
obtained  by  letting  the  stepwise  regression 
procedure  select  only  the  most  important  inde- 
pendent variables  all  contain  approximately  35 
terms.  These  models  have  the  more  appropriate 
ratio  of  five  to  one  between  the  number  of 
observations  and  the  number  of  independent 
variables  in  the  equation,  but  they  all  do  a 
very  poor  job  of  predicting  the  actual  simula- 
tion output. 

. In  order  to  estimate  correctly  a quadratic  effect 
of  one  of  the  independent  parameters,  all  three 
levels  of  the  parameter  must  be  well-represented. 

An  inspection  of  the  experiment  design  revealed 
that  the  middle  levels  of  some  of  the  indepen- 
dent parameters  are  under-represented  and, 
therefore,  some  of  the  square  terms  cannot  be 
well  estimated. 

. The  ridge  regression  technique  apparently  did 
not  fully  compensate  for  the  high  correlations 
between  some  of  the  independent  variables  we 
observed  in  the  first  step. 

Time  constraints  have  limited  further  development  of  a frontal 
impact  polynomial  regression  model  to  predict  an  occupant's  maximum  re- 
sultant chest  acceleration  given  the  levels  of  the  independent  parameters 
under  consideration.  None  of  the  frontal  Impact  regression  models  con- 
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sidered  thus  far  are  acceptable  for  use  in  the  vehicle  optimization  pro- 
gram. In  order  to  predict  adequately  the  occupant’s  response  in  a 
frontal  impact,  the  180  occupant  dynamics  simulations  must  be  augmented 
with  many  more  occupant  dynamics  simulations  at  levels  of  the  independent 
parameters  which  are  of  more  practical  interest. 

Front-to-Side  Occupant  Collision  Simulations.  In  screening  the 
106  side  impact,  occupant  dynamics  simulations,  11  of  the  simulations 
were  found  to  have  unrealistic  occupant  kinematics,  and  only  the  remain- 
ing 95  valid  simulations  were  used  in  the  development  of  the  side  impact- 
related  polynomials.  The  independently  controlled  variables  which  vre 
considered  in  developing  the  side-impact  head  and  chest  accleration  poly- 
nomials are  listed  in  Table  15.  The  table  also  contains  the  actual  levels 
of  each  first-order  independent  variable  used  as  input  to  the  occupant 
dynamics  model.  As  in  the  front -to-barrier  occupant  dynamics  simulations, 
the  actual  levels  of  each  first-order  independent  variable  were  coded  for 
use  in  Ford's  version  of  the  UCLA  BMD  stepwise  regression  program. 

The  first  step  in  developing  a polynomial  regression  model  for 
the  occupant's  maximum  chest  acceleration  response  in  a side-impact  was 
to  compute  a correlation  matrix  for  all  64  independent  variables  and  the 
one  dependent  variable.  Factor  analysis  techniques  employed  in  step  one 
of  the  frontal-impact  model  development,  in  conjunction  with  an  inspection 
of  the  correlation  matrix,  were  used  to  locate  large  dependencies  between 
the  independent  variables  being  considred  for  the  side  impact  polynomial. 
As  in  the  frontal-impact  case,  several  of  the  independent  variables  were 
found  to  have  correlation  coefficients  between  .2  and  .4,  and  the  squared 
terms  in  the  model  were  highly  correlated.  Simple  linear  regressions 
with  small  subsets  of  the  64  independent  variables  which  were  sufficiently 
correlated  with  the  maximum  chest  acceleration  response  were  run.  The 
results  of  these  simple  linear  regressions  indicate  that  the  following 
first-order  independent  variables  are  "dominant"  in  their  influence  on 
the  occupant's  chest  acceleration: 

. Door  intrusion 

The  deceleration  of  the  vehicle  (x) 

. The  bolster  force,  and 
. The  door  pulse  slope. 
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Table  15 


Variable 

(X) 

Number 


Descr-irn  ion  of  the  Independent  Controlled  Variables  Considered 
in  the  Side  Impact  Regression  Polynomials 

Coded 

Parameter  Levels 


Actual  Parameter 


Description 


Low 


Middle 


High 


Low 


Middle 


High 


1 Presence  of  a Side 

Window 

2 Bolster  Force  (lb) 

3 Bolster  Thickness 

(in) 

4 Window  Angle  (deg) 

5 Door  Pulse  Slope 

6 Door  Intrusion 

(in) 

7 Vehicle  Pulse 

Acceleration  (g) 

8 Vehicle  Pulse 

Duration  (ms) 

9 Occupant,  to  Door 

Dist. 

10  Occupant  Height 


0 (no) 
500 

4 

60° 

.15 

1.5 

5 

50 

0 

59.8 


l(yes)  0(no) 


l(yes) 


Variable  No. 

De. 

^cr  iption 

11 

X2 

X2~ 

12 

X3 

X3 

13 

X4 

X4 

i4 

X5 

X5 

Squares  of 

15 

x& 

Xe 

the  First- 

16 

X? 

X? 

Order  Terms 

17 

X3 

Xa 

18 

Xg 

Xt^ 

19 

X 1 

qXi  0 

20 

Xl 

Xi 

Xl 

Xo  ' 

Interactions 

21 

X3 

22 

Xs 

of  the  First- 

Xl 

Xl 

Xl 

A 1 

Order  Terms 

24 

X& 

X? 

and  the 

25 

Xs 

Presence  of 

26 

Xg 

Side  Window 

27 

1 

Xl  0 

Parameters 

28 

X2 

xV~ 

29 

X2 

X4 

Interactions 

30 

X2 

X. 

of  the  First- 

31 

X9 

^'■6 

Order  Terms 

'1 

X2 

X? 

and  the 

33 

X2 

Xa 

Bolster  Force 

34 

Xr 

X9 

35 

X2 

Xio 

36 

■'.y' 

X3 

X4~l 

2250 

4000 

-1 

0 1 

7 

10 

-1 

0 1 

75° 

90° 

-1 

0 1 

.50 

100 

7 0 1 

7.5 

15.0 

-.8  0 1 

12.5 

20 

-1 

0 1 

85 

120 

-1 

0 1 

5 

10 

-1 

0 1 

68.75 

73.25 

-1.99  0 1 

Variable 

No . 

37 

X3XA" 

38 

XgXg 

Interactions  of 

39 

X3X7 

the  First-Order 

40 

X3X3 

Terms  and  the 

41 

X3X0, 

Bolster  Thickness 

42 

X3X1  0 

43 

X4Xg~ 

44 

Xl,  Xg 

Interactions  of 

45 

X4X7 

the  First-Order 

46 

X4X8 

Terms  and  the 

47 

X4X9 

Window  Angle 

48 

X4X1, 

J 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 


X5X7 
XcX  g j 

XqX  T O I 

XqAq 
•‘^6^-1  0 


^^7X3  I 

X7X  g 

X7X10I 

XgX3~ 

x®xio 


X X 
9 1 


Interactions  of 
the  First-Order 
Terms  and  the 
Door  Pulse  Slope 

Interactions  of 
the  First-Order 
Terms  and  the 
Door  Intrusion 

First-Order  Terms 
by  Vehicle 
Acceleration 
First-Order 
Terms  by  Vehicle 
Pulse  Duration 

Occupant-to-Door 
Distance  by  Occupant 
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The  second  step  in  the  development  of  a side-impact  — occupant 
dynamics  polynomial  for  the  maximum  result  chest  acceleration  response  of 
an  occupant  was  to  examine  several  fitted  regression  equations.  For  each 
of  the  95  occupant  dynamics  simulations,  the  values  of  all  64  independent 
variables  and  the  corresponding  maximum  chest  acceleration  response  was 
entered  into  the  modified  version  of  the  BMD  stepwise  regression  program. 
Several  regression  polynomials,  from  a polynomial  containing  all  64  inde- 
pendent variables  to  one  containing  only  the  ten  first-order  independent 
variables,  were  examined  using  the  check-out  procedure  described  in  the 
preceding  f ront-to-barrier  collision  section  of  this  report. 

The  results  of  the  step  two  evaluation  were  used  to  compare  all 
of  the  regression  polynomials  we  obtained.  On  the  basis  of  this  compari- 
son, a polynomial  containing  only  the  first-order  terms  was  selected  for 
use  in  the  optimization  program.  The  polynomial  model  we  chose  predicts 
the  occupant's  maximum  resultant  chest  acceleration,  in  natural  units,  by 
means  of  the  following  function: 


Predicted  Maximum 
Chest  Acceleration 


67.6 

- 6.1  (window) 

+19.1  (bolster  force) 

- 9.3  (bolster  thickness) 

- 5.1  (tumblehome) 

+17.7  (door  pulse  slope) 

+25.9  (door  intrusion) 

+20.8  (vehicle  x) 

+8.2  (vehicle  pulse  time) 

+1.7  (occupant-to-door  distance) 

- 7.4  (occupant  height). 

The  actual  values  of  the  independent  parameters  in  the  above  polynomial 
must  be  transformed  into  the  coded  values  that  were  used  in  the  multiple 
regression  analyses  before  they  can  be  substituted  into  the  polynomial  to 
obtain  a predicted  maximum  resultant  chest  acceleration.  Each  parameter 
must  be  transformed  using  the  following  chart: 
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Parameter 


Transformation 


Window 


Up  - use  +1 
Down  - use  0 


Bolster  Force 

Bolster  Thickness 

(Tumblehome) 

Window  Angle 

Door  Pulse  Slope 

Door  Intrusion 

Vehicle  x 

Vehicle  Pulse  Time 


(Bolster  Force-2250) /1750 
(Bolster  Thickness-7) /3 


(Tumb lehome- 7 5 ) / 1 5 


(Door  Pulse  Slope-. 5)/. 5 
(Intrusion-7 . 5) /7 . 5 
(x-12.5)/7.5 
(Time-85) /35 


Occupant-to-Door 

Distance 

Occupant  Height 


(Distance-5)  /5 


(Height-68. 75)/4. 5 


The  results  of  the  check-out  procedure  applied  to  this  regres 


The  residuals  for  many  of  the  side-impact  — 
occupant  dynamics  simulations  were  quite  large. 
The  average  of  the  residuals  for  the  first- 
order  polynomial  (a  residual  is  the  difference 
between  the  maximum  chest  acceleration  predicted 
by  the  polynomial  and  the  actual  chest  accelera- 
tion value  obtained  from  the  occupant  dynamics 
model)  is  37  g,  and  the  first-order  polynomial 
explains  only  51  percent  of  the  total  variation 
in  the  data.  However,  many  of  the  side-impact 
simulations  were  run  under  conditions ' of  the 
independent  parameters  which  are  not  of  practi- 
cal interest  (i.e.,  they  are  at  the  extremities 
of  the  design  space).  More  concern  with  the 
magnitude  of  the  residuals  for  points  in  the 
middle  of  the  design  space  rather  than  at  its 
extremities  is  required. 

Plots  of  the  residuals  against  the  first-order 
independent  variables  and  against  the  predicted 
maximum  resultant  chest  acceleration  did  not 


slon  polynomial  were  as  follows: 
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reveal  any  of  the  common  regression  model  defi- 
ciencies, such  as  a need  to  transform  the  depen- 
dent variables,  discussed  by  Draper  and  Smith  in 
Chapter  3 of  their  regression  analysis  text- 
book (14)  . 

. The  trends  indicated  by  the  coefficients  of  this 
polynomial  are  reasonable  from  an  engineering 
standpoint.  The  magnitudes  of  these  trends  also 
seem  to  be  reasonable. 

. In  step  four  of  the  check-out,  the  first-order 
polynomial  was  extensively  examined  by  begin- 
ning with  one  of  the  side-impact  — occupant 
dynamics  simulations  and  obtaining  predictions 
at  various  levels  of  some  of  the  important 
independent  parameters.  For  example,  the  occu- 
pant’s maximum  resultant  chest  acceleration  in 
Run  No.  58  was  114  g.  The  independent  parameters 
were  fixed  at  their  Run  No.  58  levels,  and  using 
the  first-order  polynomial  model,  predictions 
were  made  at  several  values  of  the  bolster  force 
parameter.  A change  from  a bolster  force  of 
500  pounds  to  one  of  4,000  pounds  effects  a 
corresponding  predicted  change  of  38  g in  the 
occupant’s  maximum  resultant  chest  acceleration. 

This  change  as  well  as  changes  affected  by  vary- 
ing the  intrusion  or  the  vehicle  deceleration  are 
graphed  in  Figure  23. 

The  first-order  polynomial  just  discussed  was  used  in  the 
vehicle  optimization  program.  This  polynomial  does  not  accurately  re- 
flect the  occupant’s  maximum  resultant  chest  acceleration  over  the  entire 
design  space,  but  the  trends  it  predicts  in  the  center  of  the  design 
space  are  physically  realistic.  Many  of  the  other  regression  polynomials 
examined  did  not  possess  this  property. 


(14)  N.  R.  Draper,  A.  Smith,  "Applied  Regression  Analysis,"  John  Wiley  & 
Sons , New  York,  1966. 
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Maximum  Resultant  Chest  Acceleration  (G) 


Figure  23 


Predicted  Maximum  Occupant  Chest  Acceleration 
In  A Side  Impact  Collision  As  A Function  Of 
Several  Vehicle  Parameters 


5 8 11  14  17  20 


Vehicle  Deceleration  (G) 

1 1 ! 1 1 1 f 

500  1200  1900  2600  3300  4000 

Bolster  Force  (Lbs) 
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The  problems  iderstif led  In  building  a side-impact  regression 
polynomial  were  similar  to  those  encountered  in  the  frontal-impact  poly- 
nomials development.  Briefly,  the  problems  were: 

. There  were  not  enough  side-impact  occupant  dynamics 
simulations  to  predict  the  maximum  resultant  chest 
acceleration  response  of  the  occupant  over  the 
entire  design  space. 

. Many  of  the  side-impact  — occupant  dynamics 

simulations  were  run  at  conditions  of  no  practi- 
cal interest,  and  mote  representation  is  needed 
in  the  middle  of  the  design  space. 

. Several  of  the  independent  veriables  of  the  re- 
gression analysis  are  substantially  correlated. 

To  obtain  a regression  polynomial  which  adequately  describes  the  occu- 
pant's maximum  resultant  chest  acceleration,  the  95  occupant  dynamics 
simulations  must  be  augmented  with  more  simulations  at  levels  of  the 
independent  parameters  which  are  pf  practical  interest. 

4 . 5 Biomechanical  Model 

A biomechanical  transform  has  been  developed  to  relate  the  out 
put  of  the  vehicle  response  model  (Section  4.2.1)  and  the  occupant  re- 
sponse model  (Section  4.3.1)  to  probability  of  fatality, which  in  turn  is 
used  to  predict  the  probable  distribution  of  injuries  of  lesser  levels 
(i.e.,  serious,  moderate,  and  minor).  The  human  tolerance  rationale 
(Figure  24) consists  of  seven  steps  for  each  crash  being  simulated.  As 
can  be  seen  in  Figure  24,  two  of  these  steps  (three  and  four)  differ, 
depending  on  whether  the  crash  is  front  or  side,  because  only  a 
one-mass  occupant  simulation  was  used  in  the  system  model  for  front  crash 
modeling,  precluding  a measure  of  head  acceleration.  Engine  intrusion 
into  the  occupant  compartment  was  used  to  approximate  the  risk  to  the 
occupant  in  the  frontal  crash  model.  Since  a three— mass  occupant  simula- 
tion was  used  for  side  crash  modeling,  a head  acceleration  could  be  deter 
mined  in  this  instance. 

Human  Tolerance  Estimates . The  chest  acceleration  is  used  for 
l)oth  frotiL  and  h I tie  c;raHheH  as  an  Indication  of  occupant  Impact  severity. 
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Figure  24 

Human  Tolerance  Rationale 
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However,  different  tolerance  curves  for  front  and  side  are  used  to  con- 
vert peak  chest  accelerations  into  probability  of  fatality.  The  frontal 
i impact  curve  is  based  primarily  bn  the  work  of  Mertz  (15),  Beckman  (16), 

I Webster  (17),  and  Krouskop  (18),  and  the  side  impact  curve  is  based  pri- 

marily on  the  work  of  Stapp  (19),  Robinson  (20),  and  Zaborowski  (21). 
j The  first  three  references  indicate  60  g as  a lower  human  limit 

1 for  tolerable  acceleration.  Krouskop 's  study  applied  strain  energy  density 

j calculations  to  animal  tissue  data  to  predict  failure  levels  and  associated 

fatal  chest  injuries  with  95  g acceleration. 

Stapp ’s  data  was  used  to  develop  a scaling  factor  betweem  human 
j and  chimpanzee  tolerance,  which  was  then  applied  to  Robinson's  lateral 

j acceleration  tests  with  Rhesus  monkeys.  This  resulted  in  an  upper  human 

1 tolerance  estimate  of  95  g's  for  the  chest  in  side  accelerations. 

Zaborowski  reported  human  volunteer  data  which  indicated  50  g to  be  a 
tolerable  lower  limit  for  side  accelerations. 

I 


(15)  H.  J.  Mertz,  and  C.  W.  Gadd,  "Thoracic  Tolerance  to  Whole  Body  De- 
celeration," Proceedings  Fifteenth  Stapp  Car  Crash  Conference,  Society  of 
Automotive  Engineers,  New  York,  p.  154,  1971. 

(16)  E.  L.  Beckman,  J.  E.  Ziegler,  T.  D.  Duane,  et  al,  "Some  Observations 
on  Human  Tolerance  to  Accelerative  Stress,"  Aviation  Medicine,  (25:380), 
1953. 

(17)  A.  P.  Webster,  and  H.  N.  Hunter,  "Acceleration,"  Aviation  Medicine, 
(25:378),  1954. 

(18)  T.  A.  Krouskop,  P.  H.  Newell,  and  A.  E.  Swarts,  et  al,  "An  Index  for 
Predicting  Tissue  Damage  Due  to  IMPACT,"  Third  International  Congress  on 
Automotive  Safety,  (San  Francisco),  U.  S.  Government  Printing  Office 

No.  5003-00173,  Chapter  6,  Washington,  D.  C. , 1974. 

(19)  J.  P.  Stapp,  "Tolerance  to  Abrupt  Deceleration,"  Collected  Papers  on 
Aviation  Medicine,  ACARDograph  No.  6,  Butterworth,  London,  pp.  122-169, 
1955. 

(20)  F.  R.  Robinson,  R.  L.  Hamlin,  W.  M.  Wolff,  et  al,  "Response  of  the 
Rhesus  Monkey  to  Lateral  Impact,"  Aerospace  Medicine,  (34:56),  1963. 

(21)  A,  B.  Zaborowski,  "Human  Tolerance  to  Lateral  Impact  with  Lap  Belt 
Only,"  Proceedings  Eighth  Stapp  Car  Crash  Conference,  VJayne  State  Uni- 
versity Press,  pp.  53,  60,  Detroit,  1966. 
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The  curves  developed  from  these  references  are  depicted 
by  broken  lines  in  Figures  25  and  26.  When  these  initial  curves  were 
used  in  the  system  model  (Section  4.12),  the  resultant  injury  predictions 
seemed  overly  conservative  when  compared  to  recent  accident  statistics 

(22);  that  is,  the  probabilities  of  fatality  and  injury  which  were  attri- 
buted to  the  various  acceleration  levels  might  have  been  too  high.  . 

To  compensate  for  this,  the  chest  curves  (front  and  side)  were 
both  shifted  to  the  right  until  their  50  percent  fatality  point  corres- 
ponded to  85  g — a value  based  on  a recent  study  by  Patrick  (23) . In 
his  report,  Patrick  indicates  that  a chest  acceleration  of  85  g corres- 
ponds to  a 50  percent  incidence  of  AIS  3 injuries.  Such  injuries  are 
considered  severe  but  not  life-threatening.  Consequently,  a 50  percent 
fatality  rate  would  be  expected  to  result  only  from  an  acceleration 
greater  than  85  g.  The  original  chest  curves  (broken  lines),  however, 
attributed  50  percent  fatality  to  a lower  (about  75  g)  value.  Shifting 
the  curves  to  the  right  reduced  the  discrepancy  without  changing  the 
original  shape  of  the  curves.  The  final  resultant  cViest  tolerance 
curves  for  frontal  and  side  impacts  are  shown  as  solid  lines  in  Figures 
25  and  26,  respectively. 

The  shifted  chest  curves  indicate  tolerance  ranges  of  about  68-103 
and  63-107  g for  front  and  side,  respectively.  These  ranges  seem  to  be  in 
good  agreement  with  Stapp's  (24)  prediction,  in  1955,  that  "...50  g 
for  tolerance  and  100  g for  survival  are  conservative  estimates,  which 
may  be  increased  on  the  basis  of  further  experiments."  The  upper  limit 
of  107  g seems  reasonably  consistent  with  Kroukop’s  (25)  estimate  of 
95  g,  and  with  various  studies  (mostly  of  accidental  free-falls) 
which  indicate  the  upper  tolerance  limit  to  be  somewhat  over  100  g 


(22)  Accident  Facts,  National  Safety  Council,  Chicago,  Illinois,  Published 
Annually . 

(23)  L.  M.  Patrick,  N.  Bohlin,  and  A.  Andersson,  "Three  Point  Harness 
Accident  and  Laboratory  Data  Comparison,"  Proceedings  Eighteenth  Stapp 
Car  Crash  Conference,  SAE,  pp.  201-282,  Warrendale,  1974. 

(24)  Stapp,  Op.  Cit. 

(25)  Krouskop,  Op.  Cit. 
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PROBABILITY  OF  FATALITY  (%) 


Figure  25 


Human  Chest  Tolerance  Estimate  for  Frontal  Impacts 


MAXIMUM  FRONTAL  CHEST  ACCELERATION  (g) 
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PROBABILLTY  OF  FATALI'[’Y  (%) 


Figure  26 

Human  Chest  Tolerance  Estimate  for  Lateral  Impacts 


MAXIMUM  LATERAL  CHEST  ACCELERATION  (g) 
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for  both  f rontal^Snyder  (26),  Patrick  (27),  Thompson  (28),  and  Kiel  (29)) 
and  side,  I’DeHaven  (30)j  impacts  . 

The  tolerance  curve  fob  the  head  is  shown  in  Figure  27.  It  was 
developed  by  Roberts  and  Stalnaker  (31)  for  frontal  head  impacts.  Con- 
sidering that  the  head  is  frequently  rotated  during  side  crashes,  the 
head  may  effectively  be  experiencing  acceleration  in  the  sigittal  plane 
(anterior-posterior  or  superior-inferior)  rather  than  in  its  coronal  plane 
(left-right).  Hence,  for  side  crashes,  the  frontal  tolerance  curve  may 
be  more  appropriate  than  one  based  on  impacts  to  the  side  of  the  head. 

When  used  with  the  side  crash  simulation  it  yielded  injury  predictions 
which  were  reasonably  consistent  with  recent  accident  data  (32).  This 
head  tolerance  curve  has  been  previously  reported  by  Ford  (33)  and  there- 
fore will  not  be  described  here  in  detail. 

The  tolerance  curves  just  described  are  used  to  estimate  head 
and  chest  tolerance  relationships  for  occupants  restrained  by  either 
air  bag  or  belt  restraints,  since  the  basis  for  using  different  tolerance 
curves  for  these  two  types  of  restraints  remains  unresolved  in  the  bio- 
mechanics literature;  although  force  distribution  considerations  would 


(26)  R.  G.  Snyder,  "Human  Impact  Tolerance,"  1970  International  Automobile 
Safety  Conference  Compendium,  SAE  700398,  pp.  712-755,  New  York,  1970. 

(27)  L.  M.  Patrick,  H.  J.  Mertz,  "Human  Tolerance  to  Impact,"  Ford  Motor 
Company  Response  to  NHTSA  Docket  69-7,  General  Reference  54. 

(28)  A.  B.  Thompson,  "A  Proposed  New  Concept  for  Estimating  the  Limit  of 
Human  Tolerance  to  Impact  Acceleration,"  Aerospace  Medicine,  (33:1349),  1962. 

(29)  F.  W.  Kiel,  "Hazards  of  Military  Parachuting,"  Military  Medicine, 
(130:512),  1965. 

(30)  H.  DeHaven,  "Mechanical  Analysis  of  Survival  in  Falls  from  Heights 
of  Fifth  to  One  Hundred  and  Fifty  Feet,"  War  Medicine  (2:586),  1942. 

(31)  V.  L.  Roberts,  Letter  to  John  Versace,  Ford  Motor  Company,  July  16, 

1971. 

(32)  Accident  Facts,  Op.  Cit . 

(33)  E.  S.  Crush,  S.  E.  Henson,  and  0.  R.  Ritterling,  "Restraint  System 
Effectiveness,"  Ford  Motor  Company  Submission  to  NHTSA  Docket  69-7, 

General  Reference  119. 
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Figure  27 

Human  Head  Tolerance  Estimate  for  Latera]  Impacts 


MAXIMUM  FRONTAI.  HEAD  ACCELERATION  (g; 
(Utilized  for  Lateral  Impacts) 
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seem  to  indicate  higher  g tolerance  ^especially  for  frontal  impac  ts)  for 
the  air  bag  case. 

The  intrusion  of  the  engine  into  the  occupant  compartment  is 
used  as  one  measure  of  occupant  risk  in  front  impact  simulation.  The 
effect  on  the  occupant  of  this  intrusion  depends  on  the  compartment 
package  geometry  and  the  occupant  seating  position  with  respect  to  the 
^irewall.  However,  since  the  vehicle  dynamics  models  used  in  front  im- 
pact studies  utilized  rigid,  non-deformable  passenger  compartments,  an 
estimate  of  the  effect  of  intrusion  on  the  occupant  was  required. 

The  significant  value  of  intrusion,  with  respect  to  potential 
occupant  injury,  was  assumed  to  be  in  the  range  of  eight  to  eighteen 
inches,  inclusive.  The  related  probability  of  fatality  for  the  occupant 
involved  in  front  impact  was  assumed  to  increase  linearly  from  0.0  at 
eight  inches  of  intrusion  to  1.0  at  18  inches  of  intrusion,  as 
shown  in  Figure  28. 

Injury  Severity  Statistical  Analysis.  The  analysis  sought  to 
combine  injuries  and  fatalities  into  a single  index  of  casualty.  In- 
juries are  generally  recorded  on  a qualitative  scale.  The  problem  is  how 
to  estimate  the  number  of  injuries  of  each  severity  when  the  dynamics 
models  produce  only  g traces,  and  the  biomechanical  transforms  convert  the 
g levels  to  a fatality  probability.  The  method  chosen  was  to  predict, 
by  statistical  methods,  using  accident  data,  the  relative  frequency  of 
each  level  of  injury,  given  the  fatality  probability  for  each  type  of 
accident . 

The  probability  of  fatality  is  the  predictor  variable,  used  to 
correlate  head  and  chest  deceleration  to  percent  of  cases  in  several 
ranked  levels  of  injury  severity  (fatal,  serious,  moderate,  and  minor). 

The  corresponding  procedure  utilizes  data  from  four  vehicle  accident 
report  files  - CPIR3,  Calspan,  Highway  Safety  Research  Institute,  and 
Southwest  Research  Institute. 

A factor  analysis  of  some  accident  data  extracted  from  the 
CPIR3  file  was  used  to  construct  a composite  variable  called  "crash 
severity"  (Factor  Analysis  is  a statistical  technique  used  to  find 
groupings  or  clusters  of  variables  which  are  the  most  closely  corre- 
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Figure  28 


Probability  of  Occupant  Fatality 
in  Frontal  Impact  as  a Function 
of  Compartment  Intrusion 


Compartment  Intrusion  (Inches) 
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lated  and  which,  taken  as  a cluster,  have  greater  consistency  or  pre- 
dictive power  than  any  onC  of  thtem  alone.) 

Table  16  shows  the  bivariate  frequency  distribution  of  crash 
severity  versus  injury  level  as  derived  from  CPIR3  data.  To  correct 
for  the  bias  of  the  data  toward  more  severe  injuries  and  unbelted  occu- 
pants, a substitution  was  made  io  the  row  and  column  totals  of  Table  16. 
The  replacement  data  were  obtained  from  towaway  accident  data  compiled  by 
Calspan,  Highway  Safety  Research  Institute,  and  Southwest  Research  Insti- 
tute in  their  1973-1974  MVMA/NHTSA  restraint  files.  The  observed  nor- 
malized frequency  of  injury  occurrence  was  multiplied  by  1725,  a factor 
selected  so  that  the  sum  of  the  new  marginals  would  equal  the  sum  of 
the  row  marginals.  This  was  followed  by  an  adjustment  of  the  cell  fre- 
quencies by  the  algorithmic  technique  reported  by  Hosteller  (34) . 

Table  17  is  the  result  of  such  a transformation. 

These  new  frequencies  were  then  used  to  construct  relation- 
ships between  injury  levels  as  functions  of  fatality.  (It  should  be 
noted  that  implicit  in  the  above  procedure  was  the  assumption  that  there 
existed  a one-to-one  correspondence  between  fatality  and  crash  severity.) 

Figure  29  depicts  the  results  of  such  equivalences  in  relating 
non-fatal  injuries  to  fatality.  (It  is  expected  that  this  graph  will  be 
refined  in  Phase  II  as  more  data  and  resources  become  available.) 

Equivalent  Fatality  Unit  (EFU)  Definition  and  Utilization.  The 
probabilities  of  fatality  and  injuries  can  be  combined  into  a single 
parameter  (useful  for  comparing  the  overall  extent  of  injury  resulting 
from  a single  impact)  and  then  plotted  versus  the  probability  of  fatality. 
To  sum  fatalities,  and  serious,  moderate,  and  minor  injuries,  a weighting 
scheme  was  developed  based  on  the  relative  burden  placed  on  society  by 
each  of  those  injury  levels.  As  indicated  in  Table  18,  a fatality  was 
assigned  the  value  of  1.0  EFU's  and  the  EFU  values  of  the  other  categories 
were  then  determined  based  on  their  relative  societal  cost.  (For  example, 
a serious  injury  is  equivalent  to: 


$ 98,000 
$236,000 


X 1.0  EFU  = 0.415  EFU 


(34)  F.  Hosteller,  "Association  and  Estimation  in  Contingency  Tables," 
Journal  of  American  Statistical  Association,  (63:1-28),  Harch  1968. 
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Table  16 

Frequency  Distributions  of  Crash  Severity  Versus 
Injury  Level  (HSRI  CPIR-3,  Accident  File)  (October,  1974) 


No 


Crash  Severity 
Interval 

Totals  Injury 

Minor 

Moderate 

Serious 

Fatal 

Row 

443 

910 

287 

35 

50 

-1.16  to  -.30 

858 

358 

455 

41 

3 

1 

- .30  to  .56 

525 

75 

337 

107 

5 

1 

.56  to  1.42 

162 

9 

78 

66 

5 

4 

1.42  to  2.28 

103 

-L. 

32 

45 

10 

15 

2.28  to  3.15 

55 

0 

8 

25 

11 

11 

3.15  to  4.01 

18 

0 

0 

3 

1 

14 

4.01  to  4.87 

4 

0 

0 

0 

0 

4 

Table  17 

Modified  Frequency  Distributions  of  Crash 
Severity  Versus  Injury  Level 

No 


Crash  Severity 
Interval 

Totals 

Injury 

Minor 

Moderate 

Serious 

Fatal 

Row 

724.2553 

782.9787 

200.6383 

7.3404 

9.7873 

-1.16  to  -.30 

858 

539.0533 

303.6253 

15.0408 

0.2314 

.0227 

- .30  to  .56 

525 

157.0576 

312.7837 

54.5909 

0.5364 

0.0316 

.56  to  1.42 

162 

24.3133 

93.3925 

43.4394 

0.6919 

0.1629 

1.42  to  2.28 

103 

3.8312 

54.3370 

42.0030 

1.9625 

0.8662 

2.28  to  3.15 

55 

0 

18.8132 

32.3173 

2.9898 

0.8797 

3.15  to  4.01 

18 

0 

0 

13.2470 

.9284 

3.8244 

4.01  to  4.87 

4 

0 

0 

0 

0 

4 

. 
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Figure  29 


Injury  Distributions  As 
Functions  of  Fatality 


Log^Q  (Probability  of  Fatality) 
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Table  18 


EFU  Derivation 


Casualty 

Category 

Societal 

Cost* 

($) 

Relative 

Weighting 

(EFU) 

Fatal 

$236,000 

1.0 

Serious 

98,000 

0.415 

Moderate 

26,000 

0.110 

Minor 

1,670 

0.007 

Thus,  an  EFU  consists  of:  one  fatality;  or  the  number  of 

non-fatal  injuries  deemed  equivalent  in  cost  to  one  fatality,  using  the 
schedule  of  relative  weighting  values  for  fatalities  and  injuries  as 
defined  below: 


Injury  Severity  Weighting 


Catetory  (I) 

Weighting 

Fatal 

1.0 

Serious 

0.415 

Moderate 

0.110 

Minor 

0.007 

If  "Nj"  is  defined  as  the  percent  of  injuries  in  category  "I,"  then  total 
EFU's  are  computed  from  the  relationship: 


EFU  = 


100  ^ ^I^I 


4 . 6 Rollover  Containment 

Dynamics  models  which  predict  occupant  responses  in  different 
types  of  rollovers  have  not  been  developed.  Rollovers  are  therefore  con- 
sidered through  a separate  analysis  external  to  the  optimization  process. 
A statistical  approach  using  probability  theory  was  developed  to  predict 


*See  Appendix  B for  derivation. 
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EFU's  for  different  restraint  systems  and  usage  rates,  based  solely  on 
containment  considerations  derived  from  rollover  accident  data. 

Saving  lives  in  automobile  rollovers  is  highly  dependent  on 
reducing  the  incidence  of  ejection  with  its  associated  high  risk  of 
fatality.  A certain  proportion  of  the  occupants  of  overturned  passenger 
cars  are  killed,  whether  or  not  they  are  ejected.  If  an  occupant  is 
ejected,  however,  his  risk  of  fatality  increases  significantly.  The 
derivation  of  rollover  savings  shown  below  has  been  taken  largely  from 
(35). 

Likelihood  of  Ejection  and  Fatality.  Figure  30  shows  the  con- 
sequences of  rollover  involvement  for  the  1486  principal-rollover  and 
362  collision-rollover  occupants  found  in  the  ACIR  data  file;*  only  occu- 
pants of  1964  model  year  or  later  cars  were  selected  for  this  sample  — 
a period  after  door  latch  improvements  had  been  made.  This  figure  indi- 
cates that  30.6  percent  of  the  principal-rollover  occupants  and  22.4  per- 
cent of  the  collision-rollover  occupants  are  ejected.  The  figure  also 
shows  that  1.4  percent  of  the  non-ejected  occupants  of  principal  rollovets 
were  killed,  while  18.0  percent  of  the  ejectees  were  killed.  For  colli- 
sion rollovers,  the  percentage  of  the  occupants  killed  was  8.2  percent 
for  the  non-ejected  and  32.1  percent  for  ejected. 

The  fatality  information  presented  in  Figure  30  can  be  considered 

to  represent  some  conditional  probability  values.  These  likelihoods,  based 

on  ACIR  data  and  thus  assuming  a select  population  of  injury-producing 

accidents,  may  be  written: 

P [F  1 (PR  & NE)]  = .014 

P [F  1 (PR  & E)]  = .180 

P [F  1 (CR  & NE)]  = .082 

P [F  1 (CR  & E)]  = .321 

where 

F = Fatality 
PR  = Principal  Rollover 
CR  = Collision  Rollover 
NE  = Not  Ejected 
E = Ejected 


*The  ACIR  (Automotive  Crash  Injury  Research)  data  file  is  a file,  developed 
and  maintained  by  Calspan  Corporation,  containing  information  on  occupapts 
of  some  50,000  vehicles  in  rurel,  injury-producing  accidents;  the  last 
entries  into  this  file  were  made  in  1969. 

(35)  E.  S.  Crush,  S.  E.  Henson,  and  0.  R.  Ritterling,  "Restraint  System 
Effectiveness,"  Ford  Automotive  Safety  Planning  and  Research  Office, 

Federal  Docket  69-7,  Notice  9,  Item  119,  September  1971. 
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Figure  30 


Unrestrained  Occupant  Ejection  Likelihood 
and  Fatality  Risk  as  a Function  of 
Ejection  Status  for  Each  Rollover  Type 
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The  first  statement,  for  example,  is  read  as  "The  likelihood  F 
(fatality),  given  that  both  PR  (principal  rollover)  and  NE  (not  ejected) 
were  the  conditions  prevailing  in  an  injury-producing  accident,  equals 
0.014."  These  likelihoods,  along  with  those  for  collision  rollovers, 
were  taken  to  be  invariant,  regardless  of  the  restraint  in  question.  No 
matter  what  restraint  (if  any)  was  used,  it  was  assumed  that  any  occupant 
remaining  inside  the  vehicle  had  the  same  likelihood  of  being  killed. 

In  order  words,  no  life  savings  effectiveness  was  attributed  to  any  factor 
except  ejection-control.  This  assumption  had  to  be  made,  as  an  expedient, 
because  of  the  lack  of  any  suitable  dynamical  model  to  allow  simulation 
of  in-vehicle  events  and  the  calculation  of  resulting  head  and  chest  de- 
celeration in  a rollover.  The  effect  of  this  assumption  of  equal  likeli- 
hood of  in-vehicle  trauma  is  to  underevaluate  belt  restraints  and  to 
overevaluate  air  bags  because  the  latter  are  certain  to  be  less  — if  at 
all  — functional  in  such  a situation. 

Likelihood  of  Ejection.  The  conditon  which  differentiates  the 
restraint  systems  in  a rollover  is  the  proportion  of  occupants  ejected. 
Figure  31  shows  an  ejection-likelihood  associated  with  each  restraint  sys- 
tem in  each  type  of  rollover.  These  likelihoods  were  developed  by  assess- 
ing the  possibility  of  ejection  with  each  restraint  component  considered 
in  this  study,  and  combining  these  component  assessments  into  an  overall 
restraint  system  ejection-likelihood.  The  no-restraint  ejection  likeli- 
hoods presented  in  Figure  31  are  from  the  ACIR  sample  of  occupants  in 
rollovers  shown  in  Figure  30. 

Figure  31 

Likelihood  of  Rollover  Ejection 
for  Each  Restraint  System 

Likelihood  of  Ejection 
Principal  Collision 

Restraint  System  Rollover  Rollover 


No  Restraint 

.306 

.224 

Lap  Belts  Only 

.029 

.029 

Three-Point  System 

.002 

.002 

Air  Bag  System 

.275 

.198 

Air  Bag  + Lap  Belt  System 

.023 

.023 
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The  "Lap  Belts  Only"  distribution  was  based  on  rather  limited 
data;  a Cornell  Aerdnautical  Laboratory  report  on  seat  belts  (36)  indi- 
cated that  four  out  of  139  belted  occupants  (2.9  percent)  of  rollovers 
(undifferentiated  as  to  type)  were  ejected.  With  these  pieces  of  data 
concerning  the  unrestrained  and  the  lap-belt-restrained  situation  as 
anchors,  an  ejection  condition  division  for  eacli  of  the  remaining  re- 
straint components  in  each  rollover  type  was  inferred.  (NOTE:  "Lap  Belt 

Only"  is  not  a restraining  condition  considered  in  the  RSV  project,  and 
the  lap  belt  numbers  are  presented  only  as  referents.) 

The  assumption  was  made  that  the  Incidence  of  occupant  ejection 
for  the  three-point  system  would  be  negligible.  The  2.9  percent  of  the 
lap-belted  occupants  who  were  ejected  are  classified  as  "partial"  ejectees 
— although  the  trunk  of  the  partial  ejectee  is  kept  inside  the  vehicle, 
some  portion  of  the  upper  torso  is  thrown  outside.  It  was  presumed  that 
a harness  would  effectively  prevent  this  partial  ejection,  thus  practi- 
cally eliminating  ejection  for  harnessed  occupants. 

The  passive  restraints  studied  were  judged  to  be  minimally 
effective  in  preventing  ejection.  In  many  rollovers  an  air  bag  may  not 
be  deployed;  if  it  is  deployed,  it  may  be  after  an  occupant  has  already 
been  ejected.  Even  if  an  air  bag  expands  while  the  vehicle  occupants  are 
still  in  place,  there  is  little  reason  to  believe  it  would  be  of  much 
benefit  in  preventing  ejection.  Thus,  the  air  bag  was  assigned  only 
slight  reducLion  in  the  frequency  of  ejection,  compared  to  a system  with- 
out air  bags.  When  the  ejection-prevention  capability  of  each  of  these 
components  is  combined  to  reflect  the  relative  portion  of  occupants  in 
each  seating  location  furnished  with  each  component,  the  overall  system 
ejection-likelihoods  shown  in  Figure  31  are  produced. 

Principal  Rollover  Life  Savings.  These  likelihoods  allow  the 
overall  risk  of  fatality  in  the  rollover  situation  to  be  determined. 

Each  restraint  system  has  its  own  characteristic  likelihood  of  fatality, 
given  a rollover.  For  restraint  system  i, 

P^(F|PR)  = P[f|(PR  & NE)]  X P^  (NE)  + P[f|(PR  & E)]  X P^  (E) 


( Jh)  .1.  K.  KiliH)crg,  Shirley  Robinson,  "Seat  Belt  Use  and  injury  Patterns 
in  Anromoblle  Accidents,"  Cornell  Aeronautical  Laboratory,  Inc.,  CAL  Re- 
port No.  VJ-L823-R30,  December  1967. 
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But,  noting  that  the  probabilities  of  ejection  and  non-ejection 
are  complementary,  and  inserting  the  parameter  estimates  shown  above, 
this  can  be  written 

P^(F|PR)  = .014  [1-P^(E)1  + .180  X P^(E)  = .014  + .166  P^(E) 

The  probability  of  a rollover  occupant  being  fatally  injured  when  pro- 
tected by  restraint  system  i is  the  sum  of  the  fatality  likelihood  for 
each  ejection  condition,  weighted  by  the  proportion  of  occupants  in 
each  ejection  condition. 

In  particular,  for  the  no-restraint,  principal-rollover  condi- 
tion, 

P (fIpr)  = (.014)  + (.166)(.306)  = .065 
n 

This  value  represents  the  likelihood  of  an  unrestrained  occupant  being 

killed  in  a principal-rollover.  This  likelihood,  times  the  number  of 

principal-rollover  occupants  (denoted  by  N) , yields  the  number  of  fatally 

injured  occupants  with  no  restraint  usage: 

F = P (fIpr)  X N 
n n 

For  any  restraint  system  i,  a similar  expression  representing  the  pre- 
dicted number  of  fatalities  with  use  of  the  restraint  can  be  formed: 

F.  = P.  (F  Ipr)  X N 
1 1 ' 

Number  of  Lives  Saved.  The  criterion  used  in  this  study  is 
the  incremental  number  of  occupants  not  killed,  compared  to  a situation 
with  no  restraints.  That  is,  the  effectiveness  of  restraint  i,  in  terms 
of  lives  saved,  is  the  fewer  number  of  fatalities  expected  with  use  of 
this  restraint,  compared  to  a no-restraint  situation.  This  number  can 
be  written  as  the  number  of  fatalities  with  no  restraint,  minus  the 
number  of  fatalities  given  use  of  restraint  i: 

No.  lives  saved  = F - F.  = P (fIpr)  x N - P.(f|pr)  x N 

Collecting  terms. 

No.  lives  saved  = [P  (f|  PR)  - P , (pj  PR)  ] x N 

n i 

iiut,  as  noted  above,  the  number  of  no-restraint  usage,  principal-rollover 

latulitLes  is  the  likelihood  of  a fatality,  given  no  restraint  usage- 

times  the  number  of  rollover  occupants: 

F = P (fIpR)  X N 
n n ' 
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Assuming  a fatality  likelihood,  this  relationships  can  be  rewiitten: 

N = F /P  (fIpr) 
n n 

Substituting  in  the  prior  equation  for  the  number  of  rollover  lives  saved. 
No.  lives  saved  - [P^(F|PR)  - P^(F|PR)]  x PR)] 

Again  combining  terms, 

No.  lives  saved  = [1  - P^(F|PR)/P  (f|PR)]  x F 

i ' n n 

The  portion  of  this  expression  containing  the  likelihood  ratio  represents 
the  proportional  "life  savings  effectiveness"  of  restraint  system  i in 
principal  rollovers.  Substituting  the  no-restraint  likelihood  computed 
above, 

P^(LSE)  = 1 - P^(F|PR)/.065 

This  effectiveness  proportion,  multiplied  by  the  number  ofprincipal- 
rollover  fatalities,  gives  the  number  of  lives  saved  in  principal  roll- 
overs with  the  restraint  under  consideration. 

Thus,  a method  has  been  derived  for  determing  lives  saved  in 
terms  of  parameters  which  have  already  been  developed.  In  particular, 
no  further  explicit  information  concerning  non-fatally  injured  occupants 
in  rollovers  is  necessary. 

Collision  Rollover  Life  Savings.  A similar  derivation  for  col- 
lision rollovers,  changing  only  the  ejection  and  fatality  parameter  esti- 
mates, leads  to: 

P. (fIcR)  = .082  + .239  P. (E) 

1 ' X 

In  particular, 

P (f|cR)  = (.082)  + (.239)(.224)  = .136 
n 

Thus,  the  proportion 

P. (LSE)  = 1 - P. (fIcR)/.136 

1 X ' 

Total  Rollover  Life  Savings.  It  is  estimated  in  (37)  that  prin- 
cipal rollovers  comprise  74  percent  of  all  rollover  fatalities,  with  colli- 
sion rollovers  constituting  the  remaining  26  percent.  Thus,  the  overall 
life  saving  effectiveness  can  be  written: 

P^(LSE)  = P^(LSEjPR) (.74)  + P^ (LSE j CR) ( . 26) 

But  the  life  saving  effectiveness  for  each  rollover  type  has  been  shown 
above  to  be  a function  of  the  fatality  probability  for  each  restraint. 
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which  is  in  turn  predicated  upon  the  ejection  likelihoods  shown  in 
Figure  31.  We  have,  then: 

P^(LSE)  = [1  - P^(T|  PR)/.065](.74)  + (1  - P^[l  - P^  (F  | CR)  / . 126]  ( . 26) 

Simplifying  and  writing  in  terms  of  the  equation  likelihoods  shown  in 
Figure  31. 

P^(LSE)  = [.684  - 1.89  P^(E|PR)  - .457  P^(e|cR)] 

If  the  ejection  likelihoods  shown  in  Figure  31  are  inserted  into 
this  equation,  the  following  life  saving  effectiveness  probabilities  are 
calculated:  three-point,  .679;  air  bag,  .074;  and  air  bag  + lap  belt, 

.630. 

Partial  Restraint  Usage.  These  savings  likelihoods  assume  com- 
plete usage  of  the  designated  restraint  system.  With  less  than  100  per- 
cent usage,  the  savings  are  a function  of  the  usage  rate  R.  For  the  three- 
point  system  with  R usage,  the  life  savings  effectiveness  value  is: 

P^p^(LSE)  = .679R 

For  the  air  bag  + lap  belt  system  with  lap  belt  usage  R,  the  remaining 
proportion  (1  - R)  has  air  bag  only  protection.  Thus,  the  effectiveness 
can  be  written: 

P.„(LSE)  = .630R  + .074  (1  - R)  = .074  + .556R 
AB 

Estimated  Lives  Saved  in  1985.  The  baseline  number  of  rollover 
fatalities  for  1969  was  estimated  in  (38)  to  be  11,200.  Increases  from 
1969  to  1972  in  travel  and  other  exposure  characteristics  increased  the 
expected  baseline  rollover  fatality  number  to  about  12,000.  Using  the 
expected  relative  increase  from  1972  to  1985  in  towaway  crashes  derived 
in  Volume  II,  Section  3. 2. 1.1  of  this  study  — 3.5  million  in  1985  divided 
by  2.7  million  in  1972  equal  1.30  — the  number  of  rollover  deaths  in  1985 
Is  anticipated  to  be  15,556. 

Since  there  are  approximately  2.95  EFU  per  fatality  for  pas- 
senger car  occupants  (based  on  latest  accident  data) , the  total  casualty 
equivalent  of  the  15,556  actual  expected  deaths  would  be  45,823  EFU.  If 
this  baseline  value  is  applied  to  the  life-saving  effectiveness  probabili- 
ties shown  above,  the  1985  EFU  savings  in  rollovers  can  be  expressed  in 


(37)  Crush , et  al,  Op.  Cit. 

(38)  Ibid. 
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terms  of  restraint  usage  for  each  considered  restraint  system,  as 
shown  below,  where  R equals  restraint  wearing  rate. 

Three^Point;  EFU  Savings*  31,114R 

Air  Bag/Lap  Beit:  EFU  Savings*  3,391  4-  25,477R 

These  EFU  savings, , subtracted  from  45,823  give  the  number  of 
EFU's  lost  for  the  two  restraint  systems  as  a function  of  usage  rate. 

Computation  of  Rollover  EFU’s  in  System  Model.  The  system  model 
computes  the  number  of  EFU's  lost  for  impact  modes  other  than  rollovers 
based  on  head  and  chest  accelerations.  To  determine  the  total  number  of 
EFU’s  lost  for  a particular  restraint  system  and  usage  rate,  the  number 
of  EFU's  lost  in  rollovers  have  to  be  computed  and  added  to  the  nuraber 
produced  by  the  systeas  model  for  each  alternate  solution.  Since  the 
usage  rate  and  restraint  systems  for  the  RSV  vary  from  one  alternate  solu- 
tion to  another,  the  rollover  EFU’s  have  to  be  computed  separately  for 
each  alternative.  Within  the  scope  of  the  system  model,  only  rollovers 
of  RSV’s  are  considered.  Non-RSV  single-vehicle  involvements  or  their 
consequences  are  not  affected  by  RSV  design  changes. 

The  rollover  EFU’s  obtained  by  using  the  two  equations  given 
above  are  over  ail  vehicles.  When  computing  rollover  EFU’s  in  the  RSV, 
the  rollover  EFU’s  lost  are  multiplied  by  the  proportion  of  RSV’s  in 
the  population. 

For  example,  the  number  of  EFU’s  lost  due , to 

equipped  with  three-point  belts  and  a usage  rate  of  R,  is  given  by 
(45,823  - 31,114  x R)  x 0.3647, 
where  RSV’s  make  up  36.47  percent  of  the  vehicle  population. 

4 . 7 Countermeasures  Cost  and  Weight  Data 

Some  of  the  functional  parameters  have  associated  weights  and 
costs  which  may  be  above  or  below  that  of  the  baseline  vehicle.  The 
weight  or  cost  may  be  fixed  or  may  vary  with  the  parameter  value.  The 
restraint  system  may  also  have  a fixed  weight  and  cost  of  implementation. 
The  sum  total  of  the  weights  for  each  parameter  and  for  the  restraint  sys- 
tem represents  the  additional  weight  required  to  achieve  a particular 
design.  An  equal  amount  of  weight  reduction  is  necessary  to  maintain  the 
KSV  weight  at  1,000  pounds.  T[)e  weight  reduction  Is  accomplished  through 
material  substitution  of  steel  with  a lighter  material  like  aluminum  at 
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additional  cost,  and  the  material  substitution  costs  represent  the 
additional  cost  per  vehicle  required  to  achieve  the  particular  design. 
This  incremental  cost  is  used  in  the  benefit-cost  analysis. 

The  total  weight  and  cost  are  the  two  implicit  variables 
used  in  the  optimization  of  the  RSV.  These  two  variables  have  con- 
straints placed  upon  them  which  cannot  be  violated.  The  weight  con- 
straint was  fixed  at  the  maximum  allowable  weight  that  could  be  sub- 
stituted, while  the  cost  constraint  was  set  at  different  levels  for 
each  optimization  run. 

Weight  Increments  for  Frontal  Impact  Structures.  To  upgrade  a 
vehicle  for  frontal  barrier  impacts,  three  types  of  structure  upgrading 
can  be  used: 

A.  Constant  force 

B.  Constant  crush 

C.  A combination  of  vehicle  length  increase  and  force  level 
upgrading. 

For  the  RSV  study,  the  Pinto  was  utilized  as  the  baseline  vehicle  for  all 
three  methods. 

A.  Constant  Force  Frontal  Impact  Structures 

The  following  assumptions  were  used  for  the  con- 
stant force  analysis: 

Total  vehicle  test  weight  is  fixed 
. Engine  intrusion  distance  is  fixed 
. Square  wave  deceleration 

. Constant  density  (pounds/inch)  in  front  body 
structure  forward  of  the  firewall 
. Maximum  crush  efficiency  of  65  percent  is 
possible,  i.e.,  maximum  crush  of  a ten  inch 
energy  absorber  is  6.5  inches. 

Using  these  assumpts,  the  weight  addition  for  any 
barrier  design  speed  can  be  calculated  by  computing 
the  required  crush  distance  for  the  design  force 
level  (square  wave  deceleration) , adjusting  the 
crush  distance  as  required  by  the  efficiency  fac- 
tor, and  multiplying  the  resultant  length  increment 
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by  the  vehicle  density  (pounds/inch)  factor  (see 
Figure  32,  diagonal  lines,  e.g.,  100  percent, 

120  percent,  etc.)- 

B.  Constant  Crush  Frontal  Impact  Structures 

The  following  assumptions  were  used  for  the  con- 
stant crush  analysis: 

. Total  vehicle  test  weight  is  fixed 
Engine  intrusion  distance  is  fixed 
. Square  wave  deceleration 

Sixty-five  percent  of  crush  energy  dissi- 
pated in  foreframe,  after  frame  and  sheet 
metal 

. Thirty-three  percent  of  crush  energy  dissi- 
pated in  remaining  structure 
. Only  foreframe,  after  frame  and  sheet  metal 
upgraded  in  force  level 
. Weight  of  energy  absorbing  strucutre  — 83 
pounds 

. Weight  of  backup  structure  for  energy  absorp- 
tion — 166  pounds 

. Weight  of  energy  absorbing  structure  varies 
with  the  square  root  of  the  force  level 
change 

Weight  of  the  backup  structure  varies  directly 
with  the  force  level  change.  Using  these 
assumptions,  the  weight  addition  for  any  de- 
sign barrier  speed  can  be  calculated  by  com- 
puting the  average  force  level  required.  The 
total  crush  force  at  each  barrier  impact  speed 
is  composed  of  the  crush  force  of  components 
subject  to  upgrading  and  the  components  whose 
force  level  is  assumed  to  be  fixed.  The  force 
level  required  in  the  foreframe,  after  frame 
and  sheet  metal  at  each  test  speed  can  be 
determined  by  removing  the  fixed  force  level 
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VEHICLE  LENGTH  INCREASE  (INCHES) 
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AVERAGE  FORCE  LEVEL  AS  A PERCENT  OF  BASELINE 


from  the  totalcrush  force  required.  The 
relative  force  level  (RFL)  at  that  barrier 
impact  speed  is  the  upgraded  force  level 
relative  to  the  baseline  force  level  for  the 
three  components.  The  weight  increments  for 
energy  absorbing  and  backup  structure  can  then 
be  computed  by  using  the  RFL  factor  and  the 
baseline  weights  of  the  energy  absorbing  and 
backup  structure  (See  Figure  32,  horizontal 
lines,  e.g.,  40  inches,  50  inches,  etc.). 

C.  Frontal  Structures  Combining  Both  Systems 

The  weight  increments  for  frontal  impact  structures 
combining  constant  force  and  constant  crush  systems 
will  consist  of  the  weight  increments  calculated 
for  both  means  of  upgrading*  plus  a factor  relating 
the  relative  force  level  upgrading  to  the  addi- 
tional vehicle  length  (see  Figure  32,  dash  lines, 
e.g.,  40  mph,  45  mph,  etc.). 

For  the  RSV  System  Model,  the  Battelle  Computer 
Program  was  utilized  to  simulate  the  vehicle  im- 
pact performance.  A total  of  thirty  input  data 
sets  were  generated  to  establish  vehicle  crash 
performance  versus  variations  in  crush  length  and 
stiffness  levels  in  the  foreframe,  after  frame 
and  sheet  metal.  To  determine  the  weight  increment 
with  each  data  set,  the  following  methodology  was 
employed.  Using  the  input  force  level  and  avail- 
ablve  crush  distance  data  for  the  foreframe,  after 
frame  nad  sheet  metal  and  dynamic  factors  for  each 
(calculated  from  baseline  data) , the  available 
energy  absorption  was  calculated.  These  data  were 
used  in  conjunction  with  baseline  non-variable 
energy  absorption  and  force  levels,  and  the  avail- 
able crush  to  determine  the  RFL  and  the  design 
barrier  speed.  The  RFL  and  available  crush  was 
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used  to  calculate  the  weight  increment  for 
each  Battelle  data  set  (see  Table  19) . 


The  design  barrier  speed  and  the  corresponding 
data  set  for  four  representative  configurations 
was  put  into  the  Battelle  Program  to  check  the 
crush  distance  and  energy  absorption  assumptions. 

The  predicted  total  vehicle  crush,  the  sheet 
metal,  energy  absorption,  and  the  combined  fore 
and  after  frame  energy  absorption  agreed  with 
the  simplified  analysis  within  ten  percent 
(see  Table  20) . 

Vehicle  Weight  Increase  Due  to  Changes  in  the  Structural 
Battelle  Parameters.  Based  on  the  Battelle  runs  used  to  determine  the 
vehicle  structural  response  in  the  system  model  and  on  weight  increments 
for  frontal  impact  structures  described  above,  a multiple  linear  regres- 
sion analysis  was  performed  to  determine  the  weight  increase  for  any  set 
of  the  five  Battelle  parameters.  The  resulting  linear  relationship  is: 

Y = -407.9727  + 5.9256  XI  + 0.8141  X2 
+ 3.5444  X3  + 1.6749  X4  + 9.3319  X5 

where 

Y = weight  increase  in  pounds  and: 

XI  = Foreframe  Force  Level  (kips) 

X2  = Aftframe  Force  Level  (kips) 

X3  = Sheet  Metal  Force  Level  (kips) 

X4  = Foreframe  Stiffness  (kips/in) 

X5  = Foreframe  Crush  (in) 

The  standard  error  of  estimate  is  12.67018  and  the  multiple  correlation 
coefficient  (R)  is  0.9953089.  The  percent  variation  of  weight  that  can 
be  explained  is  99.06397. 

For  the  baseline  vehicle  parameters : 

XI  = 25.5 
X2  = 25.0 
X3  = 3.0 

X4  = 13.5 
X5  = 21.6 

the  vehicle  weight  increase  is  zero  as  expected. 
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Table  19 


RSV  - Vehicle  Weight  and  Length  Increase 
Due  to  Safety  Countermeasures 


VEHICLE 

VEHICLE 

DESIGN 

WEIGHT 

LENGTH 

BARRIER 

INCREASE 

INCREASE 

SPEED 

(LBS.) 

(IN.) 

(MPH) 

106.6 

24.3 

40.2 

-7.0 

0 

32.8 

123.3 

24.3 

44.3 

-1.4 

0 

34.5 

4.7 

0 

35.3 

- .8 

0 

34.7 

-1.0 

0 

34.7 

123.3 

24.3 

44.3 

40.8 

0 

37.5 

81.7 

10.5 

42.2 

130.4 

10.5 

45.4 

74.0 

0 

39.5 

206.0 

24.3 

50.7 

94.3 

0 

40.7 

238.6 

24.3 

52.9 

162.3 

10.5 

47.5 

264.8 

24.3 

54.6 

249.7 

24.3 

53.6 

130.3 

0 

42.7 

249.7 

24.3 

53.6 

315.2 

24.3 

57.7 

140.0 

0 

43.2 

352.6 

24.3 

60.0 

210.8 

0 

46.9 

334.6 

24.3 

58.9 

174.0 

0 

45.0 

359.5 

24.3 

60.4 

212.9 

0 

47.0 

403.4 

24.3 

63.0 

203.9 

0 

46.6 
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Table  20 
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I 

Cost  and  Weight  Increase  Associated  with  Side  Door  Bolster  — 
Thickness  Increase.  The  relationship  between  cost  or  weight  to  bolster 
thickness  if  shown  in  three  segments  in  Figure  33.  Each  segment  repre- 
sents a different  method  of  packaging  the  bolster.  To  accommodate  a 
bolster  having  a thickness  greater  than  3.4  inches,  extensive  changes 
in  driveline,  chassis  and  body  will  be  required.  These  changes  increase 
the  complexity  of  the  design  task. 

Segment  I:  0 Inch  to  2.8  Inch  Shoulder  Bolster.  The  weight 

increases  proportionally  with  the  bolster  thickness  up  to  2.8  inches, 
while  the  cost  for  any  thickness  up  to  2.8  inches  is  $39.00.  At  2.8 
inches  of  bolster  thickness,  the  Retail  Price  Equivalent  (RPE)  cost  is 
$39.00  and  the  weight  increase  is  three  pounds. 

Segment  II;  2.8  Inch  to  3.4  Inch  Shoulder  Bolster.  Over  2.8 
inches,  the  weight  increases  proportionally  with  the  added  steel  neces- 
sary to  widen  the  roof  or  floor.  The  bolster  weight  remains  unchanged 
at  three  pounds.  The  cost  increases  proportionally  with  the  weight  of 
added  steel.  At  3.4  inches  of  bolster  thickness,  the  RPE  cost  is  $46.00 
and  the  weight  increase  is  16  pounds. 

Segment  III;  3.4  Inch  to  8.7  Inch  Shoulder  Bolster.  The 
bolster  weight  still  remains  unchaged  at  three  pounds,  while  the  weight 
and  cost  both  increase  proportionally  with  the  added  steel  required  to 
widen  the  roof  or  floor.  At  8.7  inches  of  bolster  thickness  the  RPE  cost 
is  $102.00  and  the  weight  increase  is  111  pounds. 

Retail  Price  Equivalent  for  Alternate  RSV  Program  Restraint 
Systems  at  1974  Economics.  The  weight  and  cost  for  each  restraint  system 
is  illustrated  below: 


RPE 

Weight 

Absolute 

Over 

Over 

RPE 

Base  Car 

Base  Car 

Three-Point  Belt  System  - Base  Car 
Three-Point  Outboard  front  with 
simple  warning  system  and  rear 
lap  belts. 

Front  lap  belt 

Front  shoulder  belt  (includes 

$33 

20 

retractors  and  webbing) 

Rear  lap  belts 

27 

Simple  warning  system 

7 

$87 

0 

0 lbs. 
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Figure  33 


Cost  and  Weight  For  RSV  Door  Bolster 
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RPE Weight 

Absolute  Over  Over 

RPE  Base  Car  Base  Car 

Air  bag  with  front  and  rear  lap 
belts 


Air  bag  system 
bolster) 

(includes  knee 

$195 

Front  lap  belts 

33 

Rear  lap  belts 

27 

Simple  warning 

system 

7 

$262  $175  33  lbs. 

Material  Substitution  Costs.  To  provide  a weight  margin  for 
safety  countermeasures,  a number  of  potential  weight  savings  have  been 
identified  for  the  RSV.  The  components  affected  are  generally  non-safety 
related  items  which  can  be  lightened  by  means  of  material  substitutions. 
These  items  have  been  ranked  in  asceding  order  of  cost.  The  cumulative 
weight  saving  design  cost  and  Retail  Price  Equivalent  cost  (RPE)  have 
been  calculated.  Finally,  the  cost  of  additional  steel  structure  for 
safety  countermeasures  has  been  calculated  and  incorporated  in  the  cumu- 
lative total  RPE  costs  (see  Figure  34) . 

For  each  set  of  functional  parameters  evaluated  in  the  system 
model,  the  extra  weight  required  to  achieve  these  structural  and  restraint 
systems  is  computed.  Additional  weight  required  for  the  design  is  sub- 
stituted by  use  of  lighter  weight  materials  in  other  parts  of  the  car. 

The  cost  of  this  material  substitution  is  determined  by  a weight-cost 
equation  explained  below. 

An  11th  order  polynomial  was  fitted  to  the  cost  and  weight 
data  presented  above.  The  data  was  scaled  into  (-1,  1)  to  prevent 
numerical  errors.  The  coefficients  of  the  polynomial  correspond  to  the 
scaled  data.  The  polynomial  is: 

Y = 62.99928  + 112.1329  + 14.00221  X^  - 258.337  X^ 

+ 437.3399  x'^  + 1830.887  X^  - 1284.548  X^  - 4786.344  X^ 

+ 1306.104  X®  + 5118.36  X^  - 433.0565  X^®  - 1913.858  X^^ 

where  Y = cost  of  material  substitution  in  dollars 
X = scaled  weight  increase  in  pounds 
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CUSTOMER  COST  (R.P.E.)  - DOLLARS 


Figure  34 


RSV 

Preliminary  Cost  and  Weight 
For  Safety  Countermeasures 


Weight  Savings 


Weight  Savings 
Cost 
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The  scaled  weight  increase  is  determined  from  the  following  equation; 


where  WTS  = scaled  weight  increase 
WT  = actual  weight  increase 

The  least-square  polynomial  fitted  to  the  bivariate  data  (cost  vs. 
weight)  uses  an  orthogonal  polynomial  method.  The  goodness- to-fit 
of  the  polynomial  is  summarized  as  follows : 


WTS  = WT  - 70.15 
70.15 


70.15 


WT 


1 


Fit  Quality  Index 
Index  of  Determination 
Correlation  Coefficient 


0.0430517 


1.000001 


1.000002 
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4. 8 Optimization  Algorithms 

Numerous  optimization  techniques  have  been  developed  and  are 
available  to  handle  the  wide  variety  of  real  world  problems.  Each  of 
these  techniques  has  been  designed  with  a specific  problem  structure  in 
mind.  The  RSV  problem  is  structured  as  follows: 

1.  Multivariable 

2.  Explicit  variables 

3.  Implicit  variables 

4.  Inequality  constraints 

5.  Non-linear  objective  function 

This  means  that  techniques  such  as  linear  programming,  quadratic  program- 
ming, geometric  programming,  and  dynamic  programming  are  excluded  since 
they  are  not  applicable  to  our  problem  structure.  Techniques  which  require 
analytical  derivatives  are  also  excluded  because  the  derivatives  usually 
cannot  be  determined  or  are  not  feasible  to  use.  Thus,  search  techniques 
are  the  only  choice. 

Sequential  search  methods  intended  to  solve  constrained  multivari- 
able problems  are  the  only  type  that  would  be  applicable.  They  normally 
utilize  multivariable,  unconstrained  methods  as  building  blocks,  which  in 
turn  incorporate  single  variable  search  methods.  Search  methods  are  nor- 
mally divided  into  two  categories: 

1.  Derivative-free  methods 

2.  Gradient  methods  utilizing  numerical 
derivative  approximations. 

The  choice  of  whether  to  use  a derivative-free  method  or  a gradient 
method  depends  on  the  complexity  and  structure  of  the  system  model.  Both 
methods  require  function  evaluations,  but  the  gradient  method  also  requires 
derivative  evaluations.  The  effectiveness  of  the  two  methods  is  approxi- 
mately the  same;  although,  the  gradient  method  may  present  some  numerical 
problems  near  the  optimum  because  approximations  would  become  very  small. 

The  critical  factor  in  optimization  search  techniques  is  the  compu- 
tation time  required  to  evaluate  the  function  or  the  derivative,  and  the^  num- 
ber of  evaluations,  while  the  time  required  to  handle  the  logic  is  usually 


4-121 


negligible  in  comparison.  As  the  number  of  variables  and  equations  increases,  | 
so  does  the  number  of  function  evaluations,  causing  the  methods  to  be  imprac-  i 
tical.  This  leads  to  our  choice  of  derivative-free  search  methods. 

Two  sequential  search  techniques  were  chosen  to  handle  the  RSV  opti- 
mization problem.  Both  techniques  are  expected  to  be  effective  in  finding  the 
optimal  design  values  of  a multivariable,  nonlinear  function,  subject  to  in- 
equality constraints.  The  techniques  will  also  handle  implicit  variables  such 
as  cost  and  weight  which  are  functions  of  the  explicit  independent  variables 
(Battelle  and  FROST  parameters) . 

The  primary  search  technique  selected  is  called  the  "Complex  Algor- 
ithm." The  procedure  is  based  on  the  "complex"  method  developed  by  M.  J.  Box 
(39)*  If  the  results  of  the  Box  Algorithm  lie  on  or  near  constraints,  it  is 
necessary  to  use  the  Hill  Algorithm,  a procedure  based  on  the  "automatic" 
method  proposed  by  H.  H.  Rosenbrock  (40). 

Box  Algorithm.  A logic  diagram  of  the  Box  Method  (Complex  Algorithm) 
is  shown  in  Figure  35.  This  method  is  more  effective  in  finding  the  global 
minimum  if  local  minimums  exist,  because  of  its  nature  of  randomly  generating 
points.  The  search  method  begins  after  selecting  a set  of  feasible  values  for 
the  12  Battelle  and  FROST  parameters.  This  set  of  parameter  values  will  repre- 
sent the  initial  starting  point.  Thirteen  additional  sets  are  then  generated 
from  random  numbers  and  constraints  to  represent  13  other  points.  Each  point 
is  defined  by  a separate  set  of  12  parameter  values. 

A check  is  made  to  see  that  the  parameter  values  in  each  of  the  14 
sets  satisfies  the  explicit  constraints.  If  constraints  are  violated,  then 
the  parameter  values  are  replaced  by  ones  which  are  a small  distance  inside 
the  limits  of  the  violated  constraint.  If  the  check  is  good,  then  the  implicit! 
variables  are  evaluated  for  the  14  sets  to  see  if  implicit  constraints  have 
been  violated.  If  an  implicit  constraint  has  been  violated,  the  whole  set  of 
parameter  values  is  replaced  so  that  the  point  is  moved  half  the  distance 
toward  the  centroid  of  the  other  13  points. 


(39)  M.  J.  Box,  "A  New  Method  Of  Constrained  Optimization  and  A Comparison 
with  Other  Methods,"  Computer  J.,  8,  42-52,  1965. 

(^0)  H.  H.  Rosenbrock,  "An  Automatic  Method  for  Finding  the  Greatest  or 
Least  Value  of  a Function,"  Computer  J . , 175-184,  1960. 
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Figure  35 

BOX  (COMPLEX  ALGORITIT-I)  LOGIC  DIAGRAM 


When  all  constraints  have  been  satisfied  by  the  14  points,  the 
algorithm  proceeds  by  evaluating  the  objective  function.  The  goal  of  the 
optimization  procedure  is  to  minimize  the  number  of  EFU's  produced  by  a 
given  design.  For  each  set  of  parameter  values,  the  objective  function 
is  evaluated  to  determine  the  corresponding  number  of  EFU's  produced. 

Thus,  14  values  of  EFU  will  be  calculated.  The  14  function  values  are  then 
rank  ordered  from  lowest  to  highest.  The  set  of  parameter  values  yielding 
the  highest  number  of  EFU's  produced  is  then  replaced  by  a new  set  created 
from  the  other  13  sets. 

The  point  representing  the  newly  created  set  is  now  located  on 
the  other  side  of  the  centroid  of  the  13  points,  and  farther  away  than  be-  t 

fore.  The  new  point  is  first  checked  against  the  constraints  and  then  adjus-  | 
ted  as  before  if  it  violates  any  constraints.  If  the  new  point  repeats  in  ‘ 
yielding  the  highest  number  of  EFU's  produced,  it  is  then  moved  half  way 
toward  the  centroid.  If  the  new  set  produces  less  EFU's,  then  it  replaces 
the  worst  set  and  the  set  yielding  the  next  highest  number  of  EFU's  is  opera- 
ted on. 

This  process  of  replacing  sets  of  parameter  values  yielding  the 
highest  number  of  EFU's  is  repeated  as  necessary  until  the  function  values 
converge  or  the  maximum  number  of  iterations  has  been  reached.  The  conver- 
gence criteria  states  that  all  14  EFU  function  values  must  be  essentially 
equal  after  three  consecutive  iterations.  The  difference  between  the  lowest  _j 
and  highest  EFU  must  be  less  than  500  EFU's  for  the  three  consecutive  itera-  i | 
tions.  The  500  EFU  was  chosen  because  it  represents  approximately  a one 
percent  error. 

An  iteration  is  defined  as  the  replacement  of  a set  of  parameter 
values  which  then  gives  a function  value  lower  than  before.  This  lower 
function  value  usually  becomes  the  lowest  value  if  the  centroid  of  the  13 
points  is  far  away  from  the  optimal  point.  When  the  14  points  start  to  con- 
verge upon  the  optimal  point,  then  replacement  of  the  point  or  set  giving  the 
highest  number  of  EFU's  will  not  necessarily  give  the  lowest  number  of  EFU's, 
but  rather  a value  somewhere  between  the  lowest  and  the  highest.  If  no  progress 
is  made  on  the  lowest  number  of  EFU's,  then  it  is  considered  a minimum  and  the 
parameter  values  associated  with  that  EFU  are  selected  as  an  optimal  set. 
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Rosenbrock  Algorithm.  We  can  refine  the  results  from  the  Box 
Method  by  using  our  second  algorithm  called  the  Constrained  Rosenbrock 
Method  (Hill  Algorithm) . The  logic  diagram  for  this  algorithm  is  shown 
in  Figure  36.  This  method  has  proven  to  be  effective  because  it  rotates 
the  axes  and  searches  in  the  direction  of  the  lowest  function  value  which 
might  be  along  a constraint,  or  in  a valley.  The  objective  function  is 
modified  by  incorporating  the  constraints  into  the  objective  function, 
thus  producing  an  unconstrained  problem. 

The  algorithm  proceeds  by  establishing  a boundary  zone  in  the 
feasible  region  slightly  within  the  confines  of  the  constraints.  The 
starting  point  as  defined  by  the  12  parameter  values  must  satisfy  all  con- 
straints and  not  lie  inside  the  boundary  zone.  Search  computations  for 
the  lowest  number  of  EFU’s  are  carried  out  as  if  the  problem  were  uncon- 
strained. When  an  improvement  is  obtained  in  the  number  of  EFU's,  and 
the  point  lies  within  a boundary  zone,  a penalty  function  is  assigned  to 
the  objective  function  to  move  the  point  back  into  the  feasible  region 
away  from  the  constraint  and  the  boundary  zone.  Searching  for  a better 
point  always  begins  from  the  feasible  region  and  not  in  a boundary  zone. 
Step  sizes  are  either  accelerated  or  decelerated, depending  on  the  direc- 
tion of  search  and  the  proximity  of  the  point  to  the  Optimum.  Convergence 
is  assumed  when  improvements  in  the  function  values  are  less  than  ten 
EFU’s,  or  the  maximum  number  of  function  evaluations  has  been  attained. 

4 . 9 Optimization  System  Model 

In  the  year  1985,  the  RSV  will  operate  in  a traffic  environment 
including  heavier  and  lighter  cars  having  occupants  of  varying  sizes. 

The  RSV  will  be  involved  in  accidents  with  fixed  objects  and  other  vehi- 
cles and  will  be  impacted  from  the  front,  side,  and  rear  at  different 
collision  speeds.  To  provide  the  safest  possible  design  of  a vehicle 
operating  under  such  diverse  conditions,  any  safety  countermeasure  has 
to  be  evaluated  against  the  complete  range  of  varying  accident  factors. 

The  RSV  System  Model  simulates  the  accident  environment  as  projected  to 
1985  and  determines  the  optimum  set  of  functional  parameters  that  mini- 
mizes the  total  number  of  injuries  and  fatalities  (Figure  37). 
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Figure  36 

CONSTRAINED  ROSENBROCK  (HILL  ALGORITHM)  LOGIC  DIAGRAM 

Choose  Feasible  Parameter  Values, 

X.  To  Represent  The  Starting  Point 
and  Initial  Step  Sizes,  S.; 
i = 1,2,3,. ..,12  and  ^ 
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Figure  37 


. Projected  accident 
environment  for  1985 


SYSTEM 

MODEL 


Optimum  set  of  func- 
tional paramegers 


Alternative  sets  of 
functional  parameters 
(countermeasures) 


The  effects  on  the  total  vehicle  population  of  changing  struc- 


tural and  occupant  restraint  parameters  of  the  RSV  are  being  examined  by 
means  of  the  system  model,  which  includes: 


A.  Descriptions  of  accident  factors  such  as  impact 
modes,  speeds,  and  vehicle  weights  discussed  in 
Section  4.1, 

B.  Definitions  of  functional  parameters  of  the  RSV 
described  in  4.2.2  and  4.3.2, 

C.  A methodology  for  evaluating  the  effects  of  these 
functional  parameter  changes  over  the  complete 
range  of  accident  factors  (4.2.1,  4.3.1,  4.4), 
and 

D.  A methodology  for  selecting  the  best  possible  set 


of  functional  parameters  as  presented  in  4.8. 

A computer  simulation  describing  the  behavior  of  the  total  sys- 


tem requires  the  development  of  modules  or  program  segments  to  perform  the 
four  basic  functions  outlined  above.  The  heart  of  this  simulation  is  the 
evaluation  of  occupant  response  in  a completely  defined  accident  for  a 
given  RSV  design  concept.  This  is  being  accomplished  with  the  Battelle 
vehicle  structural  collision  model  and  the  FROST  and  HSRI  3-D  occupant 
response  models,  which  are  described  in  Sections  4.2.1  and  4.3.1. 


Description  of  RSV  System  Model.  The  philosophy  behind  the  devlop- 


ment  of  the  RSV  System  Model  has  been  to  proivde  a methodology  that  can  be 
used  to  determine  the  best  possible  set  of  functional  parameters  in  mini- 
mizing fatalities  and  injuries  to  vehicle  occupants.  The  model  will  uti- 
lize parameters  that  describe  the  frequency,  type,  and  severity  of  colli- 
sions that  are  expected  to  occur  in  the  mid-1980*s;  will  define  RSV 


functional  parameters  and  procedures  for  evaluating  the  safety  benefits; 
and  will  determine  an  optimum  design  concept. 
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The  complete  System  Model  Flow  Chart  detailing  the  data- 
handling  and  computational  function  of  various  program  segments  in  illus- 
trated in  Figure  38.  Appendix  B lists  the  Data  Processing  and  Computa- 
tional Programs  developed  in  support  of  the  system  model. 

The  system  model  has  been  divided  along  functional  lines  into 
two  main  stages.  Data  Management  and  Information  Processing: 

Data  Management . This  part  of  the  system  model  organizes  all 
the  input  data  required  for  the  second  stage.  It  consists  of  two  main 
computer  programs,  the  Data  Bank  Program  and  the  Functional  Parameter 
Data  Pre-Processor  (Figure  39) . 


Figure  39 

Data  Management  Modules 
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FUNCTIONAL  COMPONENTS  RELATIONSHIPS 


Data  Bank  Program.  The  purpose  of  the  program,  shown  in 
Figure  40  is  the  preliminary  processing  of  population  accident  input- 
data.  It  edits  the  data  and  creates  a data  file  in  a format  that  can 
be  used  directly  by  the  Information  Processing  programs  (Stage  2). 


Figure  40 

Data  Bank  Flowchart 


INPUT 


PROGRAM 


OUTPUT 


. Input 

All  input  is  on  permanent  files  that  can  be  easily 
manipulated  by  the  user  and  accessed  by  the  main 
program.  There  are  six  different  types  of  input: 
(1)  Definition  of  impact  modes  involving  RSV's 
to  be  simulated  and  identification  of 
impact  modes  involving  single-vehicle  (RSV) 
fixed-object  collision,  RSV-to-RSV  colli- 
sions, and  collisions  of  RSV's  with  other 
vehicles.  The  six  impact  modes  considered 
in  the  system  model  were: 

- front-front  (head-on) 

- front-front  (offset) 

- front-side  (T-Type  with  occupant 
compartment  damage) 


- front-side  (L-Type  with  side  damage 
to  front  or  rear  of  vehicle 

- front-rear 

- front-fixed  object  (poles,  trees, 
etc . ) 

(2)  Frequency  distribution  of  occupant  sizes 
that  determine  the  fraction  of  the  occu- 


4-130 


pant  population  lying  in  a certain  height 
range.  The  program  accepts  a percentage 
mix  from  the  user  for  males  and  females  in 
1985  and  determines  for  that  mix  the  height 
distribution  of  the  total  population.  The 
percentage  mix  based  on  the  expected  fre- 
quencies of  male  and  female  drivers  in  the 
population  is  69.9  percent  for  males  and 
30.1  percent  for  females.  The  height  dis- 
tribution used  in  shown  in  Table  21. 


Table  21* 


Occupant  Height  Distribution 


Average  Height  of  Occupant  Percent  of  Population 
in  Height  Group  in  Inches  in  Height  Group 


*Volume  II, 


57 

0.3 

59 

1.4 

61 

5.0 

63 

10.3 

65 

15.1 

67 

19.4 

69 

21.6 

71 

16.5 

73 

7.9 

75 

2.2 

Table  3. 

(3)  The  forecasted  weight  distribution  of  vehi- 
cles on  the  road  in  1985  is  presented  in 
detail  in  Volume  II,  Section  3.1.2. 3.  Four 
weight  groupings  — with  average  weights  of 
2,000,  3,000,  4,000,  and  5,000  pounds  — 
were  used  in  the  system  model  (Table  22) , 
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Table  22 


Vehicle  Mix  Projected  for  1985 
Weight  Group  in  Pounds  Percent 


1. 

Under 

2,500 

24.5 

2. 

2,500 

- 3,500 

36.5 

3. 

3,500 

- 4,500 

29.0 

4. 

4,500 

and  over 

10.0 

(4)  The  number  of  RSV*s  in  the  traffic  mix  for 
1985.  As  part  of  the  data  bank  input,  the 
user  can  specify  the  percentage  of  cars  in 
a particular  weight  group  that  are  con- 
sidered RSV’s.  All  cars  in  2,500  - 3,500 
pound  weight  group  are  considered  to  be 
RSV's.  This  is  assumed  to  represent  a 
steady-state  condition  achieved  after  a 
few  years  of  RSV  production.  This  assumed 
proportion  of  RSV's  determines  the  frac- 
tion of  collisions  involving  RSV's  that 
are  evaluated  in  the  system  model. 

(5)  The  fraction  of  all  accidents  represented 
by  a particular  collision  mode.  The  im- 
pact mode  distribution  used  in  the  system 
model  was  as  follows: 

- Probability  of  a single-vehicle  acci- 
dent: 40  percent 

- Probability  of  a multi-vehicle  acci- 
dent: 60  percent 

Given  the  occurrence  of  either  a single 
or  multi-vehicle  accident,  the  condi- 
tional probabilities  for  the  various  im- 
pact modes  were: 

a)  front-to-flxed  object  - 1.6  percent 

b)  front-to-front  (centerline)  - 1.3 
percent . 
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c)  f ront-to-f ront  (offset)  - 6.7  per- 
cent 

d)  f ront-to-rear  - 40.0  percent 

e)  f ront-to-side  (T-type)  - 13.0  per- 
cent 

f)  front-to-side  (L-type)  - 39.0  per- 
cent 

(6)  Exposure  distributions  defining  the  in- 
volvement probabilities  at  different 
speeds  for  different  impact  modes  are 
sh(jwn  in  Table  23. 


Table  23 

Exposure  Distribution 


Average 
Closing 
Speed 
in  MPH 

Front- 

Front 

(Center- 

line) 

Front- 

Front 

(Offset) 

Front- 

Rear 

Front- 

Side 

(T-Type) 

Front- 

Side 

(L-Type) 

Front- 

Fixed 

Object 

10 

2.62 

6.87 

33.85 

27.78 

33.37 

14.95 

20 

5.57 

9.79 

44.09 

34.90 

35.75 

27.33 

30 

9.04 

13.19 

19.27 

24.34 

21.61 

29.31 

40 

13.02 

15.60 

2.78 

10.40 

7.68 

18.79 

50 

16.56 

15.00 

2.59 

1.58 

7.69 

60 

16.32 

13.66 

1.93 

70 

14.38 

10.24 

80 

10.22 

7.26 

90 

6.66 

4.51 

100 

3.44 

2.24 

110 

1.37 

0.95 

120 

0.79 

0.68 

. Output 

The  output  consists 

of  three 

sections : 

(1)  A 

detailed  listing  of  the  input  data 

in 

"DATAFILE."  This  printout  enables  the 
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user  to  verify  the  accuracy  of  input 
data  used  in  the  second  state. 

(2)  A collision  probability  matrix  computed 
from  the  fraction  of  all  accidents  repre- 
sented by  each  collision  mode  and  the 
weight  distribution  of  vehicles  as  speci- 
fied by  program  input.  This  matrix  gives 
the  probability  of  occurrence  of  colli- 
sion types  between  RSV's  and  vehicles  in 
other  weight  groups,  as  shown  in  Table  24. 

(3)  All  information  pertaining  to  these  acci- 
dent factors  written  in  the  data  file 
''ACCDATA''  for  use  in  the  Information 
Processing  Stage. 

Pre-Processor . The  Pre-Processor  Program  outlined  in  Figure  41, 
analyzes  information  related  to  the  vehicle  structural  and  occupant  re- 
straint system  functional  parameters  and  creates  a data  file  to  be  used  in 
the  crash  simulations  in  the  second  stage  of  the  system  model.  The  parame- 
ters are  described  in  detail  in  Sections  4.2.1  and  4.3.1  of  this  volume. 

Figure  41 

Pre-Processor  Flow  Chart 
PROGRAM 


. Detailed  descrip- 


Stage  2 
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tion  of  functional 
parameter  data 

. Data  set  for 


INPUT 

Functional  Parameter 

. Parameter  list 

. Parameter  bounds 

. Initial  values 

. Bounds  multiplica- 
tion factors 

. Initial  value  mul- 
tiplication factors 

, Cost  and  weight 
data 


OUTPUT 


Table  24 


Collision  Probability  Matrix 


RSV 

Struck  in 

Front 

Front- 

Front 

Front- 

Front- 

Front- 

Front- 

Vehicles 

(Center- 

Front 

Front- 

Side 

Side 

Fixed 

Involved 

line) 

(Offset) 

Rear 

(T-Type) 

(L-Type) 

Ob.i  ect 

RSV  to 
RSV 

0.0010 

0.0053 

0.0319 

0.0104 

0.0311 

0. 

RSV  to 
2,000  lbs. 

0.0014 

0.0072 

0.0215 

0.0070 

0.0210 

0. 

RSV  to 
3,000  lbs. 

0. 

0. 

0. 

0. 

0. 

0. 

RSV  to 
4,000  lbs. 

0.0016 

0.0085 

0.0254 

0.0082 

0.0247 

0. 

RSV  to 

5,000  lbs. 

0.0006 

0.0029 

0.0087 

0.0028 

0.0085 

0. 

RSV  Alone 

0. 

0. 

0. 

0. 

0. 

0.0023 

Total  for 

Impact 

0.0046 

0.0239 

0.0875 

0.0284 

0.0853 

0.0023 

Mode 

RSV 

Struck  in  Side 

Front-Side 

Front-Side 

(T-Type) 

(L-Type) 

RSV  to  RSV 

0. 

0. 

RSV-to-2,000 

lbs. 

0.0070 

0.0210 

RSV-to-3,000 

lbs. 

0. 

0. 

RSV-to-4,000 

lbs. 

0.0082 

0.0247 

RSV-to-5,000 

lbs. 

0.0028 

0.0085 

RSV  Alone 

0. 

0. 

Total  for  Impact  Mode  0.0180  0.0542 
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Input 

Data  input  for  this  program  consists  of  the 
following  six  data  files  that  can  be  modified 
easily  by  the  user  from  one  simulation  to  the 
next : 

File  "SIMPAR" 

Names  of  all  simulation  parameters  with 
their  units.  This  is  used  in  the  Reporting 
Program  of  the  system  model  for  presentation 
of  results. 

File  "PARBND" 

The  lower  bound  and  upper  bound  of  each 
parameter.  The  parameters  are  varied  by  the 
optimization  algorithm  within  the  feasible 
region  determined  by  these  bounds. 

File  "PARINIT" 

The  initial  or  starting  values  for  each 
parameter  to  be  used  by  the  optimization 
algorithm. 

File  "MULBND" 

Multiplication  factors  for  the  parameter 
bounds.  The  bounds  of  a variable  are  different 
for  different  restraint  systems  and  tront  struc- 
ture of  the  vehicle  (Section  4.10).  The  program 
queries  the  user  as  to  the  simulation  configura- 
tion desired  and  picks  the  right  set  of  multipli- 
cation factors  from  this  file  to  apply  to  the  set 
of  bounds  from  file  "PARBND"  and  chooses  correct 
set  of  bounds  for  the  simulation. 

File  "MULINIT" 

Multiplication  factors  for  initial  values  of 
parameters . 
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File  "WTCOST" 

Weight  and  cost  constraints  used  by  the 
Optimization  Program.  The  file  also  contains 
regression  coefficients  used  to  determine  the 
vehicle  weight  change  required  for  a given  set 
of  structural  functional  parameters.  The  co- 
efficients are  explained  in  Section  4.7. 


Output 

The  Pre-Processor  Program  prints  a detailed 
description  of  the  input  for  editing  and  refer- 
ence purposes  and  also  vrrites  and  stores  simu- 
lation parameter  data  on  files  for  processing 
the  Optimization  Program. 

Information  Processing.  This  section  of  the  system  model 
consists  of  the  Optimization  Program,  the  Reporting  Program  and  Cost- 
Benefit  Analysis.  It  uses  data  sets  created  by  the  Data  Bank  Program, 
the  Pre-Processor,  the  Vehicle  Collision  Model  and  the  Occupant  Response 
Models  to  determine  the  optimal  set  of  functional  parameters.  This  por- 
tion of  the  model  is  outlined  in  Figure  42. 

Figure  42 

Information  Processing  Modules 
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Optimization  Program.  The  program  uses  the  following  optimiza- 
tion strategy. 

Given: 

1.  probabilities  of  collision  for  different  impact 
modes , 

2.  weight  distribution  of  vehicles  in  1985, 

3.  proportion  of  RSV's  on  the  road, 

A.  involvement  probabilities  as  functions  of  speed, 

5.  a maximum  limit  on  the  cost  penalty  of  the  design, 

6.  a maximum  limit  on  the  additional  weight  required 
by  the  design,  and 

7.  cost  and  weight  penalties  required  for  different 
levels  of  each  functional  parameter, 

the  optimization  algorithm  determines  the  values  of  each  functional 
parameter  that  minimizes  the  total  number  of  EFU's  over  all  impact  modes, 
speeds,  occupant  sizes,  vehicle  weights,  and  front  outboard  seating  posi- 
tions. The  algorithm  is  exercised  once  for  each  restraint  system  and 
cost  constraint^  ar^d  is  ^scribed  in  detail  in  Section  A. 8. 

The  procedure  involves  the  computation  of  the  objective  func- 
tion (in  this  case,  equivalent  fatality  units),  for  different  sets  of 
functional  parameters.  A step-by-step  outline  of  the  procedure  is 
described  below. 

1.  The  value  of  each  functional  parameter  for  the  different 

sets  is  selected.  This  task  is  accomplished  by  the  Opti- 
mization Algorithm. 

2.  Derive  weight  additions  to  base  vehicle  required  to 
achieve  these  functional  parameter  values,  and 
required  for  an  air  bag,  if  any. 

3.  Compute  total  cost  of  the  design.  This  is  tlie  sum  of 
costs  incurred  to  achieve  the  desired  parameter  values 
and  the  material  substitution  cost  corresponding  to 
the  weight  added  in  Step  2 (Section  A. 7). 

A.  Check  if  this  total  cost  is  within  the  cost  constraint. 

If  not,  a new  functional  parameter  set  is  generated, 

5.  For  each  combination  of  occupant  height,  involved 

vehicle  (striking  or  struck),  impact  mode,  speed,  and 
vehicle  weight  groups,  the  head  and  chest  accelerations 
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of  drivt^r  and  passenger  in  both  vehicles  were  computed 
loilip'  t lie  a (»prox  I iii.i  t I It}'  functions  d<-!ic  r I berf  under  A. 4. 

The  aDDroximatlng  functions  used  deoend  on 
the  impact  mode  and  vehicle  being  considered.  Over 
13,000  combinations  are  chosen  to  represent  the  com- 
plete gamut  of  collision  type  and  severity  in  which  RSV's 
are  expected  to  be  involved  in  1985.  These  combinations 
are  enumerated  in  Table  25  below. 


Table  25 


Number  of  Combinations  Used  to  Evaluate 
EFU’s  for  Each  Set  of  Functional  Parameters 


RSV  Struck 

Front-Front 

(Centerline) 

& Front-Front 
(Offset) 


Vehicle  weight  groups  5 
Impact  modes  2 
Vehicles  invovled  2 
Occupants  2 
Speed  groups  18 
Occupant  heights  10 

Total  7,200 


Grand  Total:  10,760 


in  Front 

Front-Side 
(T-Type)  and 
Front-Side 
(L-Type) 

Fixed 
Obj  ect 

Front- 

Rear 

5 

1 

5 

2 

1 

1 

2 

1 

1* 

2 

2 

2 

7 

8 

6 

10 

10 

10 

2,800 

160 

600 

*Responses  of  occupants  in  vehicles  struck  in  the  rear  by  an  RSV  are  not 
considered  in  the  system  model. 


Another  2,800  combinations  for  the  RSV  struck  in  the 
side  by  the  "other"  vehicle  gives  a total  of  13,560 
combinations . 

6.  For  each  combination,  the  head  and  chest  acxlerat ions 
are  converted  into  probabilities  of  minor,  moderate, 
severe, and  fatal  injures  (Section  4.5). 
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7.  These  probabilities  when  multiplied  by  injury  weighting  I 
factors  reduce  to  equivalent  fatality  units  (EFU's). 

8.  The  EFU’s  for  this  combination  of  accident  factors  is 
weighed  by  the  probability  of  its  occurrence  and  summed 
over  all  combinations  to  give  the  overall  EFU's  pro- 
duced by  the  set  of  functional  parameters. 

The  use  of  mathematical  functions  in  place  of  dynamic  simula- 
tions permits  the  evaluation  of  the  effectiveness  of  any  vehicle  design 
over  a large  number  of  typical  accidents. 

Evaluation  of  accident  avoidance  countermeasures  requires  re- 
execution  of  the  system  model  with  a new  set  of  accident-exposure  parame- 
ters . 

There  are  two  user-selected  options  provided  in  the  computer 

program. 

Option  1.  Determine  optimum  values  of  functional 
parameters . 

Option  2.  Compute  the  EFU's,  cost,  and  weight  of  a fixed 
set  of  functional  parameters.  The  optimization 
algorithm  is  bypassed  in  this  case.  This  option 
may  be  used  for  sensitivity  analyses,  evaluation 
of  the  effectiveness  of  a given  set  of  functional 
parameters,  comparison  of  different  parameter 
sets,  or  determination  of  the  effect  of  varying 
one  or  more  functional  parameters  from  the 
optimum  levels  determined  by  Option  1. 

Reporting  Program.  This  program  prints  the  levels  of  functional 
parameters,  the  costs  and  weights  required  by  each  parameter  or  component, 
and  the  total  cost  and  weight.  The  format  of  the  report  generated  is 
shown  in  Figure  44.  Numbers  shown  serve  only  illustrative  purposes  and 
do  not  correspond  to  any  real  output  of  the  Reporting  Program. 

Each  run  of  the  Optimization  Program  results  in  the  execution 
of  the  Reporting  Program,  so  that  each  report  corresponds  to  one  optimal 
set  of  functional  parameters.  Reports  are  generated  for  optimal  parameters 
determined  for  different  combinations  of  cost  constraints  and  restraint  sys 
terns.  The  cost  and  EFU's  are  used  from  these  reports  as  input  to  the 
Benefit-Cost  Analysis  Program.  Values  of  optimal  functional  parameters 
for  the  design  determined  to  be  most  cost-beneficial  are  reported  as  per- 
formance specifications. 


4-140 


Figure  43 

Reporting  Program  Output 
(RSV  with  Air  Bag) 
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4.10  Benefit-Cost  Analysis  Rationale  I 

The  optimization  procedure  operates  on  continuous  variables,  ij 

such  as  foreframe  stiffness  and  restraint  response  time.  Through  an  itera-  ; 

tive  process,  it  tries  successive  values  of  the  continuous  variables  until  i 

it  converges  to  the  specific  set  of  values  of  those  variables  which  minimi- 
zes occupant  response.  Qualitative  variables,  however,  such  as  belts  ver-  | 

sus  airbags,  do  not  lie  on  a continuum,  and  thus  an  optimization  procedure  ! 

can  only  swing  between  the  two  restraint  types,  not  converge  to  some  optimal 
intermediate  level.  The  procedure  in  this  study,  therefore,  was  to  do  inde- 
pendent analyses  for  each  type  of  restraint,  each  analysis  producing  its  own 
optimization  of  the  physical  variables  that  define  the  vehicle  structure 
and  restraint  system.  The  final  step  in  the  optimization  process  would  then 
to  select  among  these  individually  optimized  solutions  for  the  solution 
which  was  optimal  in  a benefit-cost  sense. 

Different  designs  of  the  RSV  provide  different  levels  of  protection 
to  drivers  and  passengers  in  collisions  involving  RSV's.  The  System  Model  | 

determines  the  safety  benefit  levels  and  design  costs  associated  with  each  ; 

alternative.  A cost-effectiveness  analysis  of  the  various  candidate  systems  | 

may  entail  the  measurement  of  effectiveness  in  human  lives  saved  and  the  i 

measurement  of  cost  in  dollars.  Since  the  optimization  algorithm  determines  j 
the  optimum  design  for  any  fixed  cost  level,  selection  of  alternative  systems  j 

i 

could  be  made  on  the  basis  of  optimum  system  configurations,  as  required  in  i 
a conventional  cost-effectiveness  study.  In  a conventional  cost-effectiveness  i 
analysis  either  the  cost  of  several  alternatives  can  be  held  constant,  and 
the  benefits  (in  any  measurement  units)  can  be  compared  directly.  Or,  the 
benefits  of  alternative  systems  can  be  held  constant  and  the  costs  of  alter-  I 
native  systems  can  be  compared.  But  when  system  costs  and  effectiveness  dif-  [ 
fer  significantly,  neither  the  fixed-effectiveness  approach  nor  the  fixed-cost  j 
approach  is  likely  to  yield  any  results.  In  that  case,  the  selection  must  be  ,j 
made  on  the  basis  of  intuition  and  judgment.  The  conversion  of  benefits  to  a ,j 

dollar  value  enables  an  objective  evaluation  of  the  returns  on  investments  ! 

I 

or  dollar  benefits  for  dollar  outlays.  We  have  decided  to  adopt  the  latter  j 
approach.  ij 
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The  analysis  of  a set  of  mutually  exclusive  alternatives  where 
benefits  and  costs  are  both  expressed  in  dollars  is  performed  by  the  use 
of  incremental  benefit-cost  ratios.  The  classic  approach  involves  the 
ranking  of  alternatives  in  increasing  order  of  cost  and  computing  the  in- 
cremental benefit  achieved  by  an  alternative  over  the  previous  "best"  al- 
ternative for  the  corresponding  incremental  cost. 

Figure  44 


I Benefits 

I 

II 


For  example,  given  the  alternatives  arranged  in  the  order  A,  B, 

C,  and  D,  (Figure  4A)  the  following  analysis  prevails.  The  incremental 

benefit-cost  ratio  of  alternative  A is  (B  - B )/C  ~ C ) which  is  less 

BABA 

than  one.  Alternative  B is  therefore  rejected  in  preference  to  alterna- 
tive A because  the  increased  cost  does  not  provide  at  least  an  equal 
amount  of  increased  benefits.  C is  then  compared  against  A by  examining 
the  ratio  (B^  - , and  the  analysis  repeated.  Comparisons 

of  an  alternative  with  the  "current  best"  alternative  make  us  proceed  up- 
wards along  the  curve  as  long  as  the  slope  of  the  line  joining  the  two 
points  being  compared  is  greater  than  one.  Picking  the  best  alternative 
by  a straight  forward  comparison  of  the  benefit-cost  ratios,  rather  than 
the  incremental  benefit-cost  ratios,  does  not  lead  to  the  correct  choice. 
In  the  example,  D is  chosen  as  the  "best"  alternative  even  though  A has 
the  highest  benefit-cost  ratio..  Implicit  in  this  analysis  is  the  justi- 
fication of  an  additional  dollar  of  expenditure  as  long  as  a dollar  or 
more  of  benefits  is  achieved. 
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Benefit-Cost  Analysis  in  the  System  Model.  The  optimum  values  of 
all  functional  parameters  are  determined  for  each  optimization  run  of  the  ' 

system  model.  In  this  study,  the  parameters  were  optimized  for  a three-point  "i 
belt  restraint  system  and  for  an  airbag-equipped  RSV.  For  each  of  these 
two  alternative  systems,  optimization  runs  were  made  for  different  leveld  of 

cost  constraints  and  belt  usage  rates  in  RSV  and  the  other  vehicles.  The  ! 

i 

benefits  and  costs  are  tabulated  for  each  optimum  design. 

The  benefits  for  any  set  of  functional  parameters  are  the  lives 
saved,  or  reduction  in  EFU's,  achieved  by  the  "optimum"  vehicle  as  compared  to 
the  base  vehicle.  There  is  no  optimization  involved  in  computing  the  number 
of  EFU’s  for  the  base  vehicle;  base  vehicle  functional  parameter  values  are 
used  in  Option  2 of  the  Optimization  Program  (Section  4.9)  where  the  EFU's,  ' 
cost  and  weight  for  a fixed  set  of  functional  parameters  are  calculated. 

The  cost  of  the  design  printed  in  the  Reporting  Program  is  the  incremental 
cost  over  the  base  vehicle. 

The  benefits  of  a vehicle  design  are  expressed  in  terms  of  EFU's 
saved  during  any  one  given  year, while  the  costs  are  determined  as  the  addi- 
tional cost  of  upgrading  safety  in  one  RSV.  To  reduce  these  "societal 
costs"  and  "societal  benefits"  to  the  same  time  base,  the  societal  costs  I 

must  also  be  expressed  over  a one  year  time  period.  For  any  one  member  of 
society,  however,  the  additional  cost  is  incurred  once  — at  the  time 
of  purchase  — but  the  safety-benefits  last  over  the  lifespan  of  the  RSV. 

Once  the  steady-state  condition  is  reached,  the  number  of  RSV's  produced 
in  a year  are  equal  to  the  number  scrapped,  leaving  the  number  of  RSV's 
operating  on  the  road  to  be  constant.  If  it  is  assumed  that  all  RSV's 
have  the  same  lifespan,  and  there  is  no  diminishing  effect  of  safety 
benefits  over  the  years,  the  following  statement  can  be  made.  The 
safety  benefits  accrued  by  all  RSV's  in  use  in  any  one  year  is  then  equal 
to  the  safety  benefits  accrued  during  the  lifetime  of  all  RSV's  produced 
in  that  year. 

Benefit-Cost  Analysis  Program.  The  data  file  input  into  the 
computer  program  contains  a list  of  names  identifying  the  alternative  solu- 
tions, with  the  corresponding  benefits  in  EFU's  and  incremental  costs  per 
vehicle.  The  program  queries  the  user  for  two  numbers:  (a)  value  of  an 

EFU,  and  (b)  the  number  of  RSV's  built  in  one  year.  The  EFU’s  produced 
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by  each  design  are  multiplied  by  the  value  of  an  EFU  to  yield  total 
society  benefits.  The  incremental  design  cost  is  multiplied  by  the  num- 
ber of  RSV's  specified  to  yield  total  societal  costs.  The  principal  of 
incremental  benefit-cost  analysis  is  then  applied  to  determine  the  most 
cost-beneficial  alternative. 


4.11  Summary  of  Assumptions 

The  scope  of  the  system  model  is  defined  to  some  extent  by  the 
set  of  assumptions  given  in  this  section.  These  assumptions  were  made 
either  to  simplify  or  limit  computational  effort,  or  to  compensate  for 
lack  of  data  and  accurate  estimates. 

. All  cars  in  the  2,500  - 3,500  pound  weight  class  are 
RSV's  (36.47  percent  of  passenger  cars). 

. Collision  type  and  speed  are  independent  of  vehicle 
weight  class. 

. Occupants  in  non-RSV's  are  restrained  by  three- 
point  belts  with  a specified  usage  rate. 

. Only  drivers  are  considered  in  this  phase  of  the  analysis. 

. Only  injury  producing  accidents  are  considered.  There 
are  1.2  million  of  these  accidents. 

. The  accident  distribution  among  collision  types  is: 

- Car-to-car  frontal  5 percent 

- Car-to-car  side  31  percent 


- Car-to-car  rear 

- Pedestrian 

- Fixed  object 

- Rollover 


24  percent 
7 percent 
18  percent 
15  percent 

The  significant  impact  modes  for  the  RSV  are: 

- Car-to-car  frontal  distributed  force 

- Car  to  car  frontal  offset 

- Car-to-car  side,  L-Type 

- Car-to-car  side,  T-Type 

- Car-to-car  f ront-to-rear 

The  distribution  of  relative  collision  speeds  derived 
from  the  CPIR3  accident  data  file  are  representative 
of  national  accident  data. 
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For  a given  two  vehicles  in  a car-to-car  collision,  all 
sets  of  collision  speeds  which  result  in  the  same  closing 
speed  produce  identical  results. 

Collisions  with  trucks,  buses,  motorcycles,  bicycles,  and 
pedestrians  will  not  significantly  affect  RSV  specifica- 
tions. 

Changes  in  the  RSV  front  structure  design  will  not 
affect  occupants  of  vehicles  struck  in  the  rear  by 
the  RSV. 

The  proportion  of  males  and  females  in  driver  seating 
positions  is  the  same  as  the  proportion  of  male  and 
female  driving  mileage. 

Seat  positioning  for  drivers  is  a function  of  stand- 
ing height. 

Probability  of  fatality  is  determined  from  peak  head 
and  chest  deceleration  and  engine  intrusion. 

The  relationships  between  probability  of  fatality  and 
peak  occupant  accelerations  are  the  same  for  all  re- 
straint systems. 

In  frontal  collisions,  engine  intrusion  into  the 
passenger  compartment  less  than  eight  inches  does  not 
affect  occupant  injury.  For  Intrusion  18  inches  or 
greater,  no  occupants  will  survive.  Between  eight 
inches  and  18  i nches , probability  of  survival  is 
directly  proportional  to  intrusion. 

Other  vehicles  with  which  the  RSV  collides  are  at 
current  (1974)  design  level. 

Front  seat  package  dimensions  of  all  non-RSV's 
are  identical. 

The  collapse  properties  of  vehicle  interior  components 
contactible  by  occupants  are  identical  for  all  non- 
RSV's. 

The  total  number  of  cars  in  115  million. 

The  55  mph  national  speed  limit  will  be 
abandoned . 
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. The  effect  of  alternative  modes  of  travel  on 
the  automobile  will  be  minimal. 

4.12  System  Model  Adjustment  and  Validation 

Accident  Data  Projections.  In  Section  3.2  of  Volume  II  a 1985 
population  of  3.5  million  towaway  accidents  was  proposed  as  the  appropriate 
measure  of  accident  exposure.  However,  the  use  of  this  number  of  crashes 
in  conjunction  with  the  speed  distributions  which  were  developed  (Section 
3.2.1. 2)  resulted  in  an  excessive  number  of  fatally  and  non-fatally  injured 
persons  predicted  by  the  system  model.  Thus,  it  was  considered  imperative 
to  change  certain  of  the  input  parameter  values,  in  order  to  produce  a 
believable  number  of  casualties  when  exercising  the  system  model. 

One  such  input  characteristics  subject  to  alteration  was  the 
projected  number  of  accidents.  Since  the  accidents  from  the  CPIR3  file, 
which  comprised  the  sample  from  which  the  speed  distributions  were  devel- 
oped, were  determined  to  be  primarily  injury  accidents  (Section  4.1),  it 
was  decided  to  use  an  injury  accident  base,  rather  than  towaway  accidents, 
in  association  with  these  speed  distributions.  Furthermore,  the  more 
restrictive  National  Safety  Council  estimate  of  1.4  million  yearly  dis- 
abling injury  accidents  in  (1972)  was  used  as  a basis  for  projection, 
rather  than  the  1.8  million  estimated  by  the  Federal  Highway  Administra- 
tion, as  was  proposed  in  Section  3.2.  The  current  total  of  1.4  million 
injury-producing  accidents  was  projected  to  1.2  million  passenger  car 
injury-producing  accidents  in  1985.  When  this  value  was  inputed  to  the 
System  Model,  the  resultant  casualty  predictions  were  considered  to  be  in 
the  feasible  region,  and  thus  the  1.2  million  estimate  was  retained  as  the 
basic  accident  exposure  value. 

Fixed  Object  Collisions.  Frontal  collisions  with  fixed  objects 
are  simulated  as  fixed  barrier  collisions  in  the  System  Model.  Initial 
calculations  with  this  assumption  resulted  in  a disproportionately  large 
number  of  fatalities  and  injuries  attributed  to  this  mode.  Data  in  the 
CPIR3  file  indicate  that  only  about  3.5  percent  of  fixed  object  colli- 
sions are  with  immovable  (fixed  barrier  type)  objects  such  as  large  trees 
and  heavy  poles.  The  remainder,  such  as  collisions  with  mail  boxes,  are 
expected  to  be  of  relative  minor  severity.  In  view  of  the  above,  only 
3.5  percent  of  the  216,000  fixed  object  collisions  shows  in  Section  4.1, 
Figure  2,  were  simulated  in  the  System  Model. 
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Distribution  of  ”L"  and  "T"  Type  Side  Impact  Collisions.  Data 
taken  from  the  CPIR3  file  presented  in  Volume  II,  Section  3. 2. 1.2,  Table 
23  and  in  Volume  III,  Section  4.1,  Table  1 indicate  that  the  number  of 
"L”  Type  ("Occupant  Compartment"  Damage)  and  "T"  Type  ("Non-Occupant  Com- 
partment" Damage)  side  impact  collisions  is  approximately  equal  (361  ver- 
sus 299,  respectively)  in  that  file.  Use  of  this  assumption  (50  percent 
of  aach  type)  in  the  system  model  results  in  an  overstatement  of  the 
severity  of  side  impact  accidents.  To  produce  more  reasonable  results, 
a distribution  of  75  percent  "L"  Type  and  25  percent  "T"  Type  was  assumed. 

Side  Impact  Collision  Speeds.  Because  front-to-side  impacts 
were  simulated  in  the  RSV  System  Model  as  all  perpendicular  impacts  rather 
than  both  angled  and  perpendicular,  the  effective  impact  speeds  were  too 
high.  Thus,  the  means  of  the  impact  speed  distributions  utilized  in  simu- 
lating these  Impacts  were  reduced  five  miles  per  hour  from  those  shown  in 
Volume  II,  Section  3, 2. 1.2,  Table  23  and  in  Volume  III,  Section  4.1, 

Table  1.  This  reduction  in  impact  speed  was  based  upon  engineering  judg- 
ment of  a value  that  would  compensate  for  angled  impacts,  in  which  the 
component  of  striking  vehicle  velocity  perpendicular  to  the  side  of  the 
struck  vehicle  is  less  than  the  resultant  velocity,  and  the  effective 
structural  stiffness  of  the  striking  vehicle  during  angled  engagement  is 
less  than  it  would  be  during  perpendicular  engagement. 

Human  Tolerance  to  Deceleration.  When  the  curves  of  probability 
of  fatality  versus  head  and  chest  deceleration  which  were  developed  from 
published  data  were  used  in  the  system  model,  the  resultant  injury  predic- 
tions seemed  overly  conservative  when  compared  to  recent  accident  statis- 
tics. That  is,  the  probabilities  of  fatality  and  injury  which  were  attri- 
buted to  the  various  acceleration  levels  might  have  been  too  high. 

To  compensate  for  this,  the  chest  curves  (front  and  side)  were 
both  shifted  to  the  right  until  their  50  percent  fatality  point  corres- 
ponded to  85  g — a value  based  on  a recent  study  by  Patrick  (41) . In  his 
report,  Patrick  indicates  that  a chest  acceleration  of  85  g corresponds 
to  50  percent  incidence  of  AIS  3 injuries.  Such  injuries  are  considered 
severe  but  not  life-threatening.  Consequently,  a 50  percent  fatality  rate 


(41)  Patrick,  Op.  Cit. 
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would  be  expected  to  result  from  an  acceleration  greater  than  85  g.  The 
original  chest  curves,  however,  attributed  50  percent  fatality  to  a lower 
(about  75  g)  value.  By  shifting  both  the  front  and  side  curves,  the  dis- 
crepancy was  reduced  without  changing  the  original  shape  of  the  curves. 

The  tolerance  curve  for  the  head  was  developed  by  Roberts  and 
Stalnaker  (42)  for  frontal  head  impacts,  but  will  be  applied  to  side 
crashes.  When  used  with  the  side  crash  simulation  it  yielded  injury  pre- 
dictions which  were  reasonably  consistent  with  recent  accident  data. 
Considering  that  the  head  is  frequently  rotated  during  side  crashes  it 
may  effectively  be  experiencing  acceleration  in  its  sagittal  plane 
(anterior-posterior  or  superior-inferior)  rather  than  its  coronal  plane 
(left-right).  Hence,  for  side  crashes,  a frontal  tolerance  curve  may  be 
more  appropriate  than  one  based  on  impacts  to  the  side  of  the  head. 


(42)  Roberts,  Op.  Cit. 
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Section  5 


RSV  CHARACTERIZATION 

This  RSV  Characterization  Section  includes:  producibility  con- 

I straints  (the  practical  limitations  of  the  modifications  that  can  be  made 

j to  a vehicle  to  alter  its  crash  performance) , vehicle  configuration  (in- 

I terior  and  exterior  dimensions) , and  the  results  of  the  optimization  and 

j benefit-cost  analysis.  In  addition,  the  energy  absorbing  characteristics 

1 

II  of  hydraulic  struts  and  conventional  structures  are  discussed. 

I| 

||  Next,  a comparison  is  presented  of  the  functional  parameters 

I 

j|  resulting  from  the  optimization  of  two  alternative  restraint  systems,  each 

I at  two  cost  constraints.  Finally,  the  alternative  solution  sets  are  then 

i compared  on  an  incremental  benefit-cost  basis,  and  the  projected  performance 

of  the  RSV  is  discussed. 

I 

|i 

|l  5.1  Producibility  Constraints 

j There  are  practical  limits  to  the  modifications  that  can  be  made 

' to  a vehicle  in  the  3,000  pound  class  to  alter  its  crash  performance. 

! These  limits  are  imposed  by  the; 

' . growing  importance  of  the  need  for  basic  vehicle 

, utility, 

existence  of  federal  standards, 
established  practical  design  guidelines, 
need  that  the  RSV  be  mass  produced,  and 
j . requirement  that  the  RSV  be  ''affordable.” 

I Vehicle  Utility.  A passenger  car  designed  to  provide  greater 

safety  benefits  cannot  be  "effective"  unless  at  least  the  current  level 
of  "usefulness  to  the  public"  is  maintained.  The  present  popularity  of 

I. 

cars  has  been  achieved  because  they  provide  people  an  independent  means 
; of  transporting  themselves  and  their  goods  in  comfort  with  a high  level 

; of  convenience. 
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Although,  on  the  average,  there  are  only  about  two  occupants 
per  vehicle,  it  is  felt  that  to  provide  reasonable  flexibility  and  day- 
to-day  utility,  a 3,000  pound  car  should  seat  a minimum  of  four  adults. 

Federal  Standards.  The  RSV  must  comply  with  the  existing 
federal  standards  for  safety,  damageability , emissions,  and  noise  except 
those  superseded  by  specific  RSV  spiecif  ications . 

Practical  Design  Guidelines.  Over  the  years,  experience  in  de- 
sign and  development  of  vehicles  has  produced  many  practical  design  guide- 
lines. As  an  example,  one  of  the  vehicle  modifications  considered  advan- 
tageous from  a crash  standpoint  during  frontal  impacts  is  that  of  softening 
the  front  structure,  accompanied  with  a front  end  length  increase  to  main- 
tain a given  level  of  energy  dissipation  capability.  While  this  is  possible 
to  some  extent,  there  is  a practical  limit  to  the  degree  this  can  be  done. 
The  vehicle  front  structure  which  would  have  to  be  softened,  has 
already  been  developed  to  a practical  level  of  stiffness  to  support  the 
front  suspension  and  steering,  engine  mounts,  radiator  and  condenser,  and 
bumper  system.  It  also  provides  sufficient  stiffness  to  control  noise, 
vibration,  and  harness  (NVH)  in  the  passenger  compartment.  The  front 
structure  has  been  customarily  designed  with  the  strength  required  to 
satisfy  the  fatigue  spectrum  requirements  imposed  by  the  loads  and  still 
provide  an  acceptable  level  of  NVH  performance.  Therefore,  a reduction 
in  the  strength  of  the  front  structure  to  meet  excessive  crash  performance 
requirements  could  downgrade  the  general  performance  of  the  overall 
vehicle . 

Lengthening  the  front  end  of  a vehicle  usually  requires  a corres- 
ponding increase  in  the  strength  of  its  front  structure  to  offset  increased 
bending  loads.  Thus,  lengthening  a vehicle's  front  end  for  the  purpose  of 
softening  the  front  structure  presents  a major  constraint  in  the  design  of 
the  vehicle  and  must  be  approached  carefully. 

Another  practical  consideration  when  attempting  to  lengthen  the 
vehicle  front  end  is  the  distance  that  the  front  of  the  car  forward  of  the 
front  wheels  can  be  allowed  to  increase.  Normal  automotive  practice  limits 
this  dimension  by  an  angular  measurement  (approach  angle)  that  ensures  that 
the  vehicle  has  sufficient  clearance  to  climb  driveways,  etc.  Therefore, 
a longer  front  end  structure  usually  requires  that  the  vehicle  wheelbase 
be  extended  so  that  the  approach  angle  requirement  is  not  violated. 
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Mass  Produced . Implicit  in  establishing  design  feasibility  is 
identification  of  design  concepts  which  are  practical  to  manufacture. 

This  does  not  mean  that  the  manufacturing  process  and  techniques  would 
be  identical  to  those  employed  today.  Nor  does  it  imply  that  the  majority 
of  the  vehicle  components  would  require  entirely  new  and  unique  manufac- 
turing techniques.  The  objective  in  the  RSV  Program  design  phase  will 
be  to  adopt  design  concepts  for  which  practical  manufacturing  processes 
can  be  used  for  mass  production. 

Affordable.  The  RSV  design  will  contain  sufficient  product 
value  and  utility  to  support  a reasonable  confidence  level  of 
acceptance  in  the  marketplace.  Costs  required  to  achieve  optimized  RSV 
safety  performance  will  be  identified  in  terms  of  the  added  cost  above 
a baseline  model  which  represents  current  cost  levels. 

Added  costs  may  be  further  constrained  by  the  necessity  for  the 
RSV  to  compete  in  the  price  range  found  in  the  marketplace  for  vehicles 
with  comparable  product  value,  product  utility,  and  with  similar  product 
images . 

5 . 2 Vehicle  Configuration 

The  RSV  is  to  be  designed  to  operate  in  the  projected  traffic 
environment  of  1985,  to  incorporate  cost  effective  safety  features,  meet 
emission  requirements  and  fuel  economy  goals,  and  be  marketable.  The 
interaction  of  these  complex  requirements,  plus  other  automotive  require- 
ments will  determine  the  final  configuration  of  the  RSV.  No  vehicle  de- 
sign will  be  considered  acceptable  until  it  provides  a high  degree  of 
confidence  that  these  objectives  are  met. 

Image  and  Concept.  An  overall  image  is  necessary  to  bracket 
the  various  characteristics  of  the  RSV.  The  image  concept  is  used  to 
convey  an  impression  of  a new  vehicle,  yet  to  be  designed,  expressed  in 
relative  terms  to  known,  existing  vehicles.  Once  the  RSV  image  is  estab- 
lished, a more  detailed  characterization  of  the  vehicle  can  be  made. 

The  RSV  image  is  characterized  by  the  following: 

Seating  and  luggage  capacity  equal  to  or  better 
than  current  2-door  Maverick  — approaching  4— 
door  Maverick  dimensions. 
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. Exterior  dimensions  (including  length  and/or  wi.dth 
increases  required  for  optimized  safety  performance) 
should  not  exceed  current  Maverick  2-door. 

The  model  is  to  be  a 3-door,  within  a possible  car 
line  including  2-door,  3-door,  4-door  and  station 
wagon  model  derivatives  with  identical  wheelbase 
(Figure  45) . 

. The  3-door  model,  as  well  as  the  other  derivatives, 
will  accept  four  different  powertrain  alternatives 
and  a choice  of  equipment  options  projected  from 
usage  trends. 

The  weight  difference  between  the  RSV  (3-door)  with 
the  standard  base  powertrain  and  no  options,  and 
the  "deluxe”  RSV  with  a V-6  engine,  automatic  trans- 
mission, radio,  air  conditioning,  power  steering  and 
brakes,  will  be  approximately  300  pounds.  The  weight 
is  not  to  exceed  2,950  pounds  for  the  "deluxe"  RSV. 

The  optional  equipment  listed  above  is  assumed  to 
have  more  than  a 33  percent  installation  rate.  This 
weight  places  the  RSV  in  the  ERA  3,000  pound  "inertia 

weight"  emissions  test  category. 

Interior  Package  and  Seating.  Seating  capacity  and  interior 
space  are  established  from  the  image  requirements.  The.  RSV  passenger 
compartment  — sized  between  the  Pinto  and  the  4-door  Maverick  — has 
a front  seating  package  similar  to  the  Pinto. 

The  tentative  RSV  dimensions  are  compared  to  the  Pinto  and 
Maverick  (4-door  and  2-door)  in  Table  26. 

The  restraint  system  should  be  designed  in  such  a fashion  that 
occupant  kinematics  are  closely  controlled  and  occupant  contact  with  the 
interior  compartment  is  limited  to  areas  with  well  defined  and  acceptable 
crush  properties.  The  restraint  system  should  provide  occupant  "ride 
do'.^m"  at  a controlled  rate  while  the  vehicle  front  structure  is  being 
crushed . 

With  an  air  bag  restraint  system,  the  occupant  head  to  v;ind- 
shield  distance  is  an  Im.portant  parameter.  Package  investigation  indi- 
cates that  this  dimension  should  be  measured  with  the  50th  percentile 
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Table  26 

RSV  Interior  Package  Dimensions 
Ford  RSV 


Location 

SAE 

Designation 

Preliminary 

Design 

3-Door 

Pinto 

A-Door 

Maverick 

2-Doot 

MaverickI 

FRONT  COMPARTMENT; 

Maximum  Effective 
Leg  Room 

L34 

AO.  8 

AO.  8 

AO. 7 

AO. 7 

Effective  Head 
Ro  om 

H61 

38.5 

37.3 

37.8 

37.5 

H Point  to  Heel 
Point 

H30 

8.6 

8.6 

9.3 

9.3 

Si\oulder  Room 

W3 

55.2* 

53.5 

55.0 

55.0 

Hip  Room 

W5 

5A . 3* 

51.8 

53.7 

53.7 

RE.AR  COMPARTMENT: 

K Point  Couple 
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30.5 

29.1 

32.7 

29.0 

>;inimum  Effective 
Leg  Room 

L51 

33. A 

30.7 

36.2 

32.0 

Effective  Head 
Room 

H63 

38.6 

36.2 

36.7 

36.0 

H Point  to  Heel 
Point 

H31 

10.6 

8.8 

10.1 

10.1 

Shoulder  Room 

WA 

55.2* 

51 . 0 

55.1 

53.  6 

Hip  Room 

W3 

5A.3* 

41.6 

52. A 

AO. 8 

Knee  Room 

LAS 

1.0 

. 7 

- .1 

*Does  not  include 

effects  of  bolster  to  be  cmpl 

oyed  for 

B’-ie  impact 
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dummy  in  the  mid-seat  position.  For  the  proposed  RSV  package,  this  con- 
dition produced  the  shortest  distance,  while  both  the  5th  percentile 
female  (in  the  foremost  seating)  and  the  95th  percentile  male  (in  the 
rearmost  seating) , produced  longer  head  to  windshield  dimensions  (see 
Figure  46) . Based  on  the  available  occupant  head  to  windshield  dis- 
tance, the  50th  percentile  dummy  is  the  most  critical  for  the  proposed 
RSV  package. 

The  shoulder  and  hip  room  dimensions  for  the  RSV  are  for  the 
vehicle  image  and  do  not  include  the  dimensional  effects  of  side  bolsters. 
Both  front  seats  will  be  individually  adjustable  (5.0  inches).  Place- 
ment and  configuration  of  controls  and  instrumentation  should  be  con- 
sistent with  established  practices  and  applicable  Company  and  federal 
standards. 

Exterior  Configuration.  Figure  47  depicts  the  preliminary 
package  of  the  RSV  model  resulting  from  three  major  factors: 

. Image  limitations 

. Saf ety/Damageability  considerations 
Engineering/Functional  requirements 

The  overall  length  is  180.0  inches.  The  front  overhang  of 
37.5  inches  is  similar  to  the  Pinto.  Increases  of  front  end  length  up  to 
5.0  inches  can  be  accommodated  (with  attendant  weight  increases  over 
base)  without  increasing  the  initial  wheelbase  of  99.5  inches.  Should 
safety  performance  specifications  require  front  length  increases  beyond 
5.0  inches  (42.5  inches  front  overhang)  to  accommodate  additional  crush 
length,  the  wheelbase  and  the  overall  car  length  will  have  to  be  in- 
creased in  order  to  maintain  the  minimum  approach  angle  of  19  degrees 
(Ford  standard) . 

The  rear  overhang  of  43.0  inches  is  required  to  package  the 
exhaust  system,  gas  tank,  spare  tire  and  rear  bumper.  It  also  pro- 
vides over  12  cubic  feet  of  luggage  compartment  capacity  with  the  rear 
seat  back  in  the  up  position. 

Maximum  width  has  been  set  tentatively  at  69.4  inches,  composed 
of  seating  package  requirements  (including  provision  for  bolsters  for 
side  impact  protection)  and  door  thickness  requirements.  Door  tliickness 
is  determined  by  structural  requirements  and  such  things  as  glass  drop 
and  mechanisms,  door  locks,  sealing,  etc. 
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The  overall  height  of  52.4  inches  is  the  result  of  seating  package 
requirements,  roof  structure,  visibility  requirements  and,  to  some  ex- 
tent, aesthetics. 

Wheel  tread  is  planned  to  be  56.0  inches,  front  and  rear. 

Maximum  tread  is  limited  by  car  width;  minimum  tread  by  front  wheel 
turn  versus  front  structure  and  engine  compartment  package. 

Weight  Projections.  A curb  weight  of  approximately  2,650  pounds 
is  projected  for  the  base  model  RSV.  It  should  be  noted  that  this  vehi- 
cle is  considerably  larger  in  size  and  interior  space  than  the  current 
Pinto.  The  projected  curb  weight  of  2,650  pounds  incorporates  design 
improvements  as  well  as  weight  reductions  from  improved  designs  and  utili- 
zation of  cost-beneficial  weight  saving  materials  (HSLA  steel,  aluminum, 
plastics,  etc.),  particularly  in  the  body  and  bumper  systems  area. 

The  powertrain  and  optional  equipment  on  the  "deluxe"  model  in- 
creases the  weight  of  the  RSV  very  close  to  the  limit  of  2,950  pounds.  HencOj 
any  weight  addition  for  safety  countermeasures  as  a result  of  the  optimiza- 
tion study  has  to  be  balanced  by  lightweight  material  substitutions  in  non- 
safety related  components,  with  attendant  cost  penalties.  The  areas  of  po- 
tential weight  savings  have  been  identified  and  tabulated  in  ascending  order 

of  cost  for  use  in  the  benefit/cost  analysis. 

Powertrain  Arrangement.  Although  other  powertrain  arrangements 

were  considered,  the  conventional  front  engine  rear  drive  configuration  was 
selected  as  the  prime  choice.  The  engine  dead  length  (i.e.,  the  length  of 
the  engine  block  which  does  not  collapse)  is  accommodated  in  a front  engine 
design  by  the  residual  front  end  structure  (a  minimum  of  30  to  40  percent 
of  the  original  front  end  length  remains  after  maximum  crush)  and  the  intru- 
sion of  the  engine  into  the  passenger  compartment.  The  relationships  between 

engine  intrusion  and  probability  of  fatality  was  discussed  in  Section  4.5 
Front  Structure  Energy  Management.  While  investigating  various 

approaches  for  energy  management  systems,  consideration  was  given  to  the 
application  of  hydraulic  struts  as  an  energy  absorber  for  frontal  impacts. 
These  units  have  two  properties  which  make  them  attractive  for  use  as 
primary  elements  in  the  vehicle  crash  energy  management  system.  The  first 
is  the  characteristic  of  these  units  to  provide  a variable  force  output 
that  is  directly  proportional  to  the  initial  stroke  velocity.  The  second 
is  the  theoretical  ability  of  the  units  to  produce  an  efficient  square 
wave  force-deflection  curve. 
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One  approach  to  the  use  of  hydraulic  struts,  is  to  have  them 
absorb  the  total  energy  of  a frontal  Impact.  However,  this  requires  very 
long-stroke  units  which  are  heavy,  expensive,  and  difficult  to  package  in 
a production  vehicle  (Figure  49).  The  package  problem  results  from  the 
fact  that  the  total  length  of  the  strut  must  be  two  and  one-half  to  three 
times  its  stroke  length.  This,  in  turn,  leads  to  a unit  which  has  a length, 
equal  to  or  greater  than  the  front  end  length  of  the  vehicle.  In  one 
design  study,  the  device  was  "packaged"  by  letting  the  Struts  replace 
existing  vehicle  front  structure;  but  this  approach  required  that  cross- 
members, engine  mounts,  suspensions,  and  other  pieces  be  attached  to  the 
strut  c /Under.  To  accomplish  this  and  still  maintain  the  tolerances  re- 
quired for  proper  shock  absorber  operation  is  not  considered  achievable  by 
normal  automotive  production  methods.  Some  of  the  length  and  packinging 
problems  might  be  diminished  by  the  use  of  telescoping  hydraulic  struts. 
However,  the  feasibility  ( f this  varient  is  questionable;  none  have  been 
developed  for  this  applic.  tion.  This  investigation  led  to  the  conclusion 
that  other  methods  of  energy  management  in  an  RSV  size  vehicle  can  provide 
equal  crashworthiness  with  lower  cost  and  weight. 

Another  approach  to  the  use  of  hydraulic  struts  is  a hybrid 
system  in  which  part  of  the  energy  absorbing  crush  stroke  is  provided  by 
hydraulic  struts  and  part  by  crushable  structure  behind  the  struts  (Fig- 
ure 48).  This  method  retains  the  advantage  of  a velocity  sensitive,  square 
wave  stroke  for  part  of  the  crush  without  any  significant  loss  in  crash 
performance  compared  to  a system  using  full  length  hydraulic  struts. 

This  approach  eliminates  one  problem  of  full  length  units  because  the 
shorte ' strut  length  of  the  hydraulic  portion  of  the  system  can  be  in- 
cluded as  an  add-on  item  to  the  structure.  Thus,  their  assembly  could  be 
accomplished  by  normal  automotive  methods.  The  add-on  nature  of  the  struts, 
however,  requires  package  compromises  in  vehicle  length  in  order  to  accom- 
modate existing  vehicle  structure  and  prevent  the  fully  collapsed  unit 
from  interfering  with  the  crush  of  the  rest  of  the  vehicle. 

One  consideration  which  would  seem  to  prevent  a hybrid  system 
from  reaching  its  theoretical  optimum  performance  is  the  allowable  force 
level  of  the  hydraulic  struts.  For  optimum  performance  the  struts  should 
provide  a Torfc  level  which  results  In  the  maximum  allowable  deceleration 
ol  Lite  vehicle-  during  frontal  impact.  However,  the  struts  are  attached  to 
a collapsible  structure  which  should  also  crush  at  a force  level  that  would 
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result  in  a maximum  allowable  deceleration  of  the  vehicle.  The  hydraulic 
strut  force  level  should  be  significantly  below  the  back-up  structure 
force  level  because  the  back-up  structure  must  initially  remain  uncrushed 
to  maintain  proper  alignment  of  the  hydraulic  units.  Thus,  the  hybrid 
hydraulic  struts  cannot  be  designed  to  give  the  maximum  theoretical  de- 
celeration. In  addition,  other  structure  is  being  crushed  while  the 
hydraulic  units  are  stroking,  requiring  the  strut  force  to  be  further  re- 
duced from  the  ideal  level  to  assure  that  the  vehicle  structural  response 
does  not  exceed  its  allowable  deceleration.  While  neither  of  these  factors 
diminish  the  theoretical  usefulness  of  hybrid  hydraulic  systems,  they  would 
probably  increase  the  actual  stroke  length  required  to  maintain  the  per- 
formance level  required.  This,  in  turn,  would  increase  the  associated 
penalties  in  cost  and  weight. 

Another  point  which  must  also  be  given  careful  attention  in  the 
design  of  a hybrid  system  is  the  performance  of  the  hydraulic  units  in 
impact  situations  in  which  the  crash  forces  are  not  applied  concentric  to 
the  strut  axis.  A characteristic  of  normal  hydraulic  struts  is  that  they 
cannot  support  large  bending  moments  without  buckling  or  jamming  and  con- 
sequently losing  their  energy  absorbing  capability.  Angular  impacts  or 
narrow  object  impacts  in  which  the  crash  forces  must  be  transferred  through 
the  bumper  system  impart  bending  loads  to  the  struts.  These  crash  modes 
are  common  in  a real  world  environment  and  they  must  be  considered  in  the 
system  design.  While  this  can  be  accomplished  to  a degree,  the  design 
would  require  heavier  and  more  expensive  bumper  and  shock  absorber  compo- 
nents than  needed  for  direct  longitudinal  impacts. 

A simulation  study  of  car  to-car  impacts  between  a 3,000  pound 
vehicle  and  a 5,600  pound  vehicle  was  conducted.  The  3,000  pound  vehicle 
was  alternately  "designed”  with  a hybrid  system  (hydraulic  struts  with 
nine  inch  stroke)  and  with  a normal  structure.  No  crash  impact  related 
advantages  accrued  to  the  hybrid  vehicle  when  the  two  structural  variants 
of  the  3,000  pound  vehicle  were  compared  in  simulated  barrier  crashes. 

In  our  opinion,  this  would  also  be  the  case  for  car-to-car  impacts  between 
vehicles  of  the  same  mass  ratio. 

On  the  other  hand,  there  might  be  some  advantage  for  the  hybrid 
system  in  car-to-car  collisions  of  the  3,000  pound  vehicles  with  lower  weight 
vehicles,  or  in  side  impacts  with  other  vehicles.  Theoretically,  the 
velocity  sensitivity  of  the  hydraulic  units  on  the  3,000  pound  car  would 
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allow  them  to  stroke  at  the  force  Ifevel  of  the  struck  vehicle.  This 
would  lead  to  lower  passenger  compartment  accelerations  which,  in  turn, 
would  presumably  lead  to  improved  protection  for  the  occupants.  For  car- 
to-car  impacts  with  lighter  weight  vehicles  the  use  of  hydraulic  struts 
rather  than  crushable  structure  might  result  in  lower  accelerations,  but 
this  would  require  geometric  coincidence  of  the  colliding  structure,  and 
would  be  a function  of  the  allowable  force  levels  of  the  hydraulic  units, 
the  relative  stiffness  of  the  vehicles,  and  their  mass  ratio. 

To  obtain  an  indication  of  this  performance,  data  available 
on  current  production  large  and  small  cars  was  used  in  a simulation  study 
which  compared  the  performance  of  a hybrid  and  non-hybrid  6,100  pound 
vehicle  impacting  a 3,250  pound  vehicle.  This  study  showed  a slight  ad- 
vantage for  the  hybrid  car.  In  our  opinion,  a similar  result  would  occur 
in  impacts  between  3,000  pound  cars  and  lighter  vehicles  if  they  have  the 
same  relative  stiffnesses  as  the  vehicles  in  the  simulation. 

This  similarity  in  performance  occurs  because  of  the  functional 
velocity  sensitivity  which  current  production  vehicles  with  conventional 
structure  exhibit,  resulting  in  lower  average  g-levels  (and  force  levels) 
for  lower  impact  speeds.  This  was  recognized  in  many  tests  of  production 
vehicles  at  various  speeds,  and  was  also  demonstrated  by  the  six-car  series 
of  Pinto  barrier  crash  tests  conducted  in  this  program.  The  tests  yielded 
average  decelerations  of  20.8  g's,  18.2  g's,  and  16.4  g's  for  impact  speeds 
of  42  mph,  37  mph,  and  32  mph,  respectively.  Computer  simulations  for  a 
similar  vehicle  confirm  this  trend  and  predict  a continuing  decrease  in 
average  decelerations  down  to  the  5 mph  impact  level.  Conventional  auto- 
motive front  structures  exhibit  progressively  increasing  force  levels  in 

frontal  impacts. 

Based  on  the  foregoing  discussion,  we  have  concluded  the  hy- 
draulic strut  systems  should  not  be  used  in  the  RSV . 

Side  Structure  Configuration.  A number  of  modifications  were 
investigated  for  the  side  structure.  The  door  beam  which  is  found  in  cur- 
rent production  vehicles  for  the  door  side  strength  requirements  (FMVSS- 
214)  was  modified  and  moved  lower  to  match  the  bumper  height  of  current 
production  vehicles.  The  beam  in  this  lower  location  should  transmit  im- 
pact loads  to  the  door  hinge  pillar  and  lock  pillar  and  achieve  partial 
engagement  with  the  rocker  structure.  In  addition,  the  door  inner  surface 
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may  be  moved  further  outboard  to  accommodate  the  inclusion  of  door  bol- 
sters without  reducing  shoulder  room.  As  a result  of  these  considera- 
tions, the  vehicle  should  have  less  tuck-under  and  tumblehome  (angle 
of  side  glass  with  the  vertical  plane  at  the  belt  line)  than  found  in  most 
current  production  vehicles.  The  ability  of  this  proposed  structure  to 
meet  the  current  side  door  strength  (FMVSS-214)  requirements  remains  an 
open  issue  and  must  be  evaluated. 

5 . 3 System  Model  Results 

Functional  parameters  of  the  RSV  were  varied  to  minimize  the 
number  of  EFU’s  over  the  complete  range  of  accident  exposure  described  in 
the  System  Model.  Two  restraint  systems  were  evaluated  for  the  RSV: 

(1)  a three-point  conventional  belt  restraint  system,  and  (2)  an  air  bag. 

An  interior  door  bolster  was  also  evaluated  in  both  cases.  Table  27 
shows  the  values  of  functional  parameters  determined  by  the  Optimization 
Program  for  the  base  vehicle  and  each  of  the  two  restrint  systems  at  two 
levels  of  cost  constraints.  For  simulations  based  on  usage  rates  less 
than  100  percent,  say  30  percent,  restrained  and  unrestrained  occupants  are 
simulated  for  each  collision  configuration  and  the  two  occupant  responses 
are  weighted  in  the  proportions  of  0.3  and  0.7,  All  non-RSV*s  are  assumed 
to  be  equipped  with  three-point  belt  restraints. 

The  safety  benefits  computed  for  each  design  are  the  number  of 
EFU's  saved  over  the  base  vehicle.  The  costs  and  benefits  of  the  four  al- 
ternative solutions  and  base  vehicle  are  input  into  the  benefit-cost 
analysis  program. 

Table  2 7 

Alternative  Optimal  Solutions 


Base 

Vehicle 

3-Point 

RSV 

3-Point 

RSV 

3-Point 

RSV 

Air  Bag 
(+  Lap 
Belt) 

RSV 

Air  Bag 
(-1-  uap 
Belt) 

Maximum  Cost  Constraint 

— 

$75 

$125 

$225 

$300 

Belt  Usage  Rate 

- RSV 

30% 

75% 

75% 

10% 

10% 

Belt  Usage  Rate 
Vehicles 

- Other 

30% 

75% 

75% 

30% 

30% 
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Table  27  (cont’d) 


Alternative  Optimal  Solutions 


Base 

Vehicle 

3-Point 


Optimal  Vehicle  Struc- 
tural  Parameters 


1. 

foreframe  force 
level  in  pounds 

25,500 

2. 

Aftframe  force 
level  in  pounds 

25,000 

3. 

Sheetmetal  force 
level  in  pounds 

3,000 

4. 

Foreframe  stiffness 
in  pounds  per  inch 

13,500 

5. 

Aftframe  stiffness 
in  pounds  per  inch 

60,000 

6. 

Sheetmetal  stiffness 
in  pounds  per  inch 

2,000 

7. 

Foreframe  crush  length 
available  in  inches 

21.6 

8. 

Aftframe  crush  length 
available  in  inches 

4.3 

9. 

Sheetmetal  crush  length 
available  in  inches 

25.6 

Optimal  Occupant  Re- 

straint  Parameters 

10. 

Belt  stiffness  in 
pounds/ foot 

4,200 

11. 

Steering  column 
collapse  load  in 
pounds 

1,200 

12. 

Air  bag  effectiveness 
time  in  milli-seconds 

— 

13. 

Air  bag  collapse 
load  in  pounds 

— 

14. 

Side  bolster  force 
level  in  pounds 

— 

15. 

Side  bolster  thick- 
ness in  Inches 

RSV 

3-Point 

RSV 

3-Polnt 

RSV 

Air  Bag 
(+  Lap 
Belt) 

RSV 

Air  Bag 
(+  Lap 
Belt) 

22,410 

22,730 

20,060 

18,000 

23,190 

27,680 

25,380 

31,730 

3,070 

2,500 

2,740 

4,760 

17,160 

15,870 

13,520 

15,350 

99,077 

94,115 

85,076 

92,115 

3,563 

3,365 

3,003 

3,285 

22.1 

21.6 

21.8 

25.2 

3.8 

3.7 

3.8 

4.4 

27.9 

27.3 

27.6 

31.6 

3,653 

3,883 

— 

— 

1,035 

1,002 

— 

— 

— 

— 

40 

40 

— 

— 

4,356 

5,536 

651 

709 

690 

535 

3.72 

5.85 

2.80 

4.17 
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Table  27  (cont’d) 


Alternative  Optimal  Solutions  ■) 


Base 
Vehicle 
3 -Point 

RSV 

3-Point 

RSV 

3-Point 

RSV 

Air  Bag 
(+  Lap 
Belt) 

RSV 

Air  Bag  } 
(+  Lap  1 
Belt) 

Additional  weight 
pounds 

in 

0.0 

13.2 

49.5 

5.8 

66.8 

Incremental  cost 
base)  in  dollars 

(over 

0.00 

59.56 

109.03 

215.25 

286.80 

EFU's  (excluding 
rollovers ) 

53,150 

36,365 

36,107 

40,562 

40,055 

EFU's  produced  by 
rollovers* 

13,307 

8,222 

8,222 

14,546 

14,546 

Total  number 

of  EFU's 

66,457 

44,587 

44,329 

55,108 

54,601 

EFU's  saved  relative 
to  base 

— 

21,870 

22,128 

11,349 

11,856’ 

* Based  on  belt  usage  rate  in  RSV's  only. 


5 . A Benefit-Cost  Analysis 

The  rationale  behind  the  incremental  benefit-cost  analysis 
approach  used  in  the  System  Model  is  explained  in  Section  4.10.  The  input 
data  for  the  Benefit-Cost  Analysis  Program  taken  from  the  results  in 
Section  5.3,  Table  27,  is  shown  in  Table  28.  The  program  output  with  user 
responses  to  the  two  questions  and  a step-by-step  analysis  is  shown  in 
Table  29. 


I 


Table  28 


First  Set  of  Alternate  Optimized  Solutions  as  Input 

Data 

Base 

Vehicle  RSV 

3-Point  3-Point  * 

RSV 

3-Point 

RSV 

Air  Bag 
(+  Lap 
Belt) 

RSV 

Air  Bag 
(+  Lap 
Belt) 

Identification  Code 

3PT-000  3PT-075 

3PT-125 

AB-225 

AB-300 

Maximum  Cost  Constraint 

$75 

$125 

$225 

$300 

Belt  Wearing  Rate: 
RSV/Other 

30/30  75/75 

75/75 

10/30 

10/30 

Total  number  of  EFU's 
(including  rollovers) 

66,457  44,587 

44,329 

55,108 

54,601 

Incremental  Cost  (over 
base  vehicle)  per  RSV 

$0.00  $59.56 

$109.03 

$215.25 

$286.80 

Table  29 

Program  Output 

What  is  the 

value  of  a life?  Life  ($) 

= 236 

,000 

What  is  the 

number  of  RSV's?  RSV 

= 5,106 

,000 

RSV  Benefit-Cost  Analysis 

(Alternatives  are  listed  in  order  of  increasing  costs) 

Col.  1 Col.  2 Col.  3 

Col.  4 Col.  5 Col.  6 

Col.  7 

Col.  8 

Col.  9 

(BENEF)  (COSTS) 
(Mil-  (Mil- 

(ALTER)  lions)  lions) 

(IBEN) 

(Mil- 

(B/C  R)  (DEFEN)  lions) 

(I  COST) 
(Mil- 
lions) 

IR/IC 

(DECIS) 

3PT-075  $5,161  $ 304 

16.97  3PT-000  $5,161 

$ 304 

16.97 

3PT-075 

3PT-125  5,222  556 

9.38  3PT-075  60 

252 

0.24 

3PT-075 

AB-225  2,678  1,099 

2.44  3PT-075  -2,482 

794 

nega- 

tive 

3PT-075 

AB-300  2,798  1,464 

1.91  3PT-075  -2,363 

1,160 

nega- 

tive 

3PT-075 

Alternative  3PT-075  gives 

the  optimal  B/C  ratio. 

Column  Titles 


Column  1 
Column  2 
Column  3 
Column  4 
Column  5 
Column  6 
Column  7 
Column  8 
Column  9 


Challenger,  new  alternative 

Benefits  as  compared  to  base  vehicle 

Costs  in  excess  of  costs  for  base  vehicle 

B/C  ratio  as  compared  to  base  vehicle 

Defender  for  incremental  analysis  comparison 

Increment  of  benefits 

Increment  of  costs 

Incremental  B/C  ratio 

Decision  in  favor  of 
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In  the  absence  of  a mandatory  usage  law  or  a radical  change  in 
behavior  patterns  of  passengers,  the  75  percent  belt  usage  assumption  may 
be  unrealistic.  A system  model  optimization  run  was  made  to  determine 
another  set  of  optimal  functional  parameters  for  a three-point  belt  system 
with  a 30  percent  usage  rate  in  all  vehicles  and  a maximum  cost  constraint 
of  $75.  If  the  usage  rate  were  to  stay  at  the  current  30  percent,  the 
resulting  optimal  RSV  with  three-point  belts  will  produce  61,822  EFU's, 
as  compared  to  44,587  EFU’s  for  the  75  percent  usage  rate. 

Another  benefit-cost  analysis,  similar  to  the  one  in  Tables  28 
and  29,  is  shown  in  Tables  30  and  31,  but  with  the  new  three-point  alter- 
native (30  percent  usage)  substituted  for  the  two  previous  three-point 
solutions.  The  air  bag  solution  with  a maximum  cost  constraint  of  $225 
was  found  to  be  the  most  cost-beneficial,  under  the  30  percent  usage  rate 
assumption  for  belt  systems. 

Two  alternate  solutions  are,  therefore,  proposed.  Three-point 
belts  are  the  most  effective  and  cost-beneficial  if  the  wearing  rate  can 
be  kept  reasonably  high.  If  a high  usage  rate  cannot  be  achieved,  the 
air  bag  is  the  optimum  restraint  system  for  the  RSV. 

Table  30 


Second 

Set  of  Alternate 

Optimized 

Solutions 

as  Input  Data 

RSV 

RSV 

RSV 

Air  Bag 

Air  Bag 

Vehicle 

RSV 

+ Lap 

+ Lap 

3-Point 

3-Point 

Belt 

Belt 

3PT-000 

3PT-075 

AB-225 

AB-300 

Maximum  Cost 

Constraint 

— 

$75 

$225 

$300 

Belt  Wearing 
RSV/Other 

Rate : 

30/30 

30/30 

10/30 

10/30 

Total  number 

of  EFU’s 

66,457 

61,822 

55,108 

54,601 

Incremental  Cost  (over 
base  vehicle)  per  RSV 

$0.00 

$39.00 

$215.25 

$286.80 
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Table  31 


Program  Output 

What  is  the  value  of  a life?  Life  ($)  = 236,000 

What  is  the  number  of  RSV's?  RSV  = 5,106,000 

RSV  Benefit-Cost  Analysis 

(Alternatives  are  listed  in  order  of  increasing  costs) 


Col.  1 

Col.  2 

Col.  3 

Col.  4 

Col.  5 

Col.  6 

Col.  7 

Col.  8 

Col.  9 

(ALTER) 

(BENEF) 

(Mil- 

lions) 

(COSTS) 

(Mil- 

lions) 

(B/C  R) 

(DEFEN) 

(IBEN) 

(Mil- 

lions) 

(I  COST) 
(Mil- 
lions) 

(IB/IC) 

(DECIS) 

3PT-075 

$1,093 

$ 199 

5.49 

3PT-000 

$1,093 

$199 

5.49 

3PT-075 

AB-b25 

2,678 

1,099 

2.44 

3PT-075 

1,584 

899 

1.76 

AB-225 

AB- 300 

2,798 

1,464 

1.91 

AB-225 

119 

365 

0.33 

AB-225 

Alternative  AB-225  gives  the  optimal  B/C  ratio. 


Column  Titles 
Column  1 - 
Column  2 - 
Column  3 - 
Column  4 - 
Column  5 - 
Column  6 - 
Column  7 - 
Column  8 - 
Column  9 - 


Challenger,  new  alternative 

Benefits  as  compared  to  base  vehicle 

Costs  in  excess  of  costs  for  base  vehicle 

B/C  ratio  as  compared  to  base  vehicle 

Defender  for  incremental  analysis  comparison 

Increment  of  Benefits 

Increment  of  Costs 

Incremental  B/C  ratio 

Decision  in  favor  of 
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5.5  RSV  Functional  Parameters 


The  objective  of  the  RSV  optimization  process  was  to  determine 
the  values  of  functional  parameters  thdt  minimized  the  total  number  of 
traffic  injuries  and  accidents  — both  in  the  RSV  and  in  the  vehicles 
involved  with  it.  Occupant  restraint  and  vehicle  structural  parameters 
were  considered  as  safety  countermeasures.  The  vehicle  weight  in  the 
system  model  was  not  allowed  to  exceed  3,000  pounds  through  the  process 
of  material  substitution  explained  earlier  in  Section  4.7. 

The  parameters  varied  in  this  study,  both  for  the  restraints 
and  for  structure,  are  of  the  following  general  form: 


FORCE 


Two  alternate  solutions  are  proposed  in  Section  5.4  — an  RSV 
with  a 3-point  belt  system  and  75  percent  usage  rate  in  all  vehicles,  and 
an  air  bag  with  30  percent  belt  usage  in  "non-RSV"  vehicles. 

Values  of  functional  parameters  for  the  belt  and  air  bag  solutions 
are  reported  for  the  RSV  and  the  base  vehicle  and  are  shown  in  Table  32- 
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Table  3Z 


RSV  Functional  Parameters 

RSV 

Base 

Belt 

Restraints 

1. 

Belt  system  stiffness, 
in  pounds  per  foot 

3,653 

4,200 

2. 

Steering  column  collapse 
load,  in  pounds 

1,035 

1,200 

3. 

Side  bolster  force 
level,  in  pounds 

651 

- 

4. 

Side  bolster  thickness, 
in  inches 

3.7 

- 

Air 

Bag  Restraints 

5. 

Collapse  load, 
in  pounds 

4,356 

- 

6. 

Effectiveness  time,  msecs. 

40 

- 

7. 

Side  bolster  collapse 
load,  in  pounds 

690 

- 

8. 

Side  bolster  thickness, 
in  pounds 

2.8 

- 

Air  Bag 

Base 

RSV 

(+  Lap 

Vehicle 

3-Point 

Belt) 

3-Point 

Front  Structure 

9 . 

Foreframe  force  level, 
in  pounds 

22,410 

20,060 

25,500 

10. 

Foreframe  stiffness, 
in  pounds  per  inch 

17,160 

13,520 

13,500 

11. 

Foreframe  crush  length 
available  in  inches 

22.1 

21.8 

21.6 

12. 

Aftframe  force  level, 
in  pounds 

23,190 

25,380 

25,000 

13. 

Aftframe  stiffness, 
in  pounds  per  inch 

99,077 

85,076 

60,000 

14. 

Aftframe  crush  length 

3.8 

3.8 

4 . 3 

available  in  inches 

15. 

Sheetmetal  force  level, 
in  pounds 

3,070 

2,740 

3,000 

16. 

Sheetmetal  stiffness, 
in  pounds  per  inch 

3,563 

3.003 

2,000 

17. 

Sheetmetal  crush  length 
available  in  inches 

27.9 

27.6 

25.6 
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5 . 6 RSV  Projected  Perforinance 

The  projected  accident  exposure  presented  in  Volume  II,  Section 
3.2  and  in  this  Volume,  Section  4.1  is  a description  of  all  accidents  that 
RSV's  are  expected  to  encounter  in  the  mid-1980's  which  might  injury 
occupants  of  RSV’s  or  other  vehicles.  The  ideal  goal,  if  it  were  achievable ^ 
would  be  to  design  a vehicle  which  could  protect  its  occupants  from  the 
slightest  injury  in  these  collisions  while  at  the  same  time  not  increasing 
injuries  to  occupants  of  other  vehicles.  While  it  may  be  theoretically 
possible  to  design  such  a vehicle,  practical  constraints  on  such  things  as 
weight,  cost,  producibility  and  marketability  have  thus  far  blocked  world- 
wide efforts  to  produce  the  "ultimate"  safety  vehicle. 

Therefore,  the  solution  must  be  a compromise  between  the  vehicle 
performance  that  accident  exposure  indicates  is  required,  and  the  perform- 
ance that  is  practically  achievable.  An  intermediate  step  in  accomplishing 
this  might  have  been  to  specify  those  ideal  requirements,  and  then  to  back 
off  from  them  by  some  amount  judged  to  be  an  appropriate  concession  to  practi- 
cality. An  alternative  approach  is  taken  in  the  Ford  RSV  program,  where 
this  tradeoff  between  the  ideal  and  the  practial  is  determined  by  the 
System  Model  through  the  processes  of  constrained  optimization  and  benefit- 
cost  analysis.  The  constraints  placed  on  the  functional  parameters  rule 
out  solutions  which  are  clearly  not  feasible.  The  optimization  process 
determines  the  best  possible  design  concept  for  a given  maximum  dollar 
expenditure.  And,  finally,  the  benefit-cost  analysis  identifies  the  dollar 
level  of  expenditure  and  the  associated  design  concept  above  which  further 
expenditure  is  not  justified  — the  so-called  point  of  diminishing  return. 

The  output  of  the  System  Model  is  a design  description  of  the  com- 
promise vehicle  rather  than  a set  of  crash  test  specifications.  The  design 
description  is  all  that  is  needed  to  build  the  vehicle;  the  crash  perform- 
ance has  already  been  determined  in  the  computer  for  more  than  a thousand 
different  accident  situations  and  found  to  be  the  best  achievable. 

In  order  to  compare  the  RSV  to  other  vehicles  of  kno^ra  performance, 
however,  the  RSV's  projected  performance  in  crash  tests  is  given  in  the 
next  section. 
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Section  6 


RSV  PERFORMANCE  DESCRIPTION  AND  SPECIFICATION 

The  RSV  specifications  given  in  Section  5.5,  in  terms  of  func- 
tional parameters  of  the  vehicle,  is  that  set  of  parameters  expected  to 
minimize  traffic  casualties  across  a range  of  crash  modes,  impact  speeds, 
and  occupant  sizes.  Those  specifications  are  sufficient  for  establishing 
the  basic  requirements  for  the  design  of  a research  vehicle,  however, 
they  do  not  constitute  a set  of  requirements  that  are  of  the  type  that 
may  be  used  to  conduct  dynamic  verification  testing.  To  place  the  RSV  in 
a more  familiar  framework,  the  probable  crash  barrier  performance  of  such 
a vehicle  was  determined  by  simulation.  The  performance  over  a range  of 
speeds  for  simulated  barrier  impacts  was  determined  utilizing  the  "Battelle" 
structural  model  and  the  "FROST"  occupant  dynamics  model,  and  is  detailed 
in  this  section. 

6 . 1 Energy  Management 

6.1.1  Front  Impact  Barrier  Crash  Performance 

The  following  functional  parameters  for  the  optimized  belt  and 
air  bag  solutions  were  used  as  input  to  the  "Battelle"  structural  model:* 


Belts 

Air  Bag 

Foreframe  force,  pounds 

22,410 

20,060 

Foreframe  stiffness,  pounds/inch 

17,160 

13,520 

Foreframe  crush,  inches 

23.0 

23.0 

Aftframe  force,  pounds 

23,190 

25,380 

Aftframe  stiffness,  pounds/inch 

76,250 

60,000 

Aftframe  crush,  inches 

4.6 

4.6 

Sheet  metal  force,  pounds 

3,070 

2,740 

Sheet  metal  stiffness,  pounds/inch 

2,000 

2,000 

Sheet  metal  crush  (excluding  engine) , 

27.6 

27.6 

inches 


*These  parameter  values  differ  from  the  optimal  parameters 
listed  in  previous  sections  of  the  report.  These  differ- 
ences will  not  materially  affect  the  responses  reported  in 
this  section. 
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The  parameters  above  represent  the  major  structural  factors 
affecting  the  "crash  signature"  — the  shape  of  the  deceleration  wave- 
form — of  the  projected  RSV.  In  general,  these  parameters  should  pro- 
duce a somewhat  softer  average  front  end  than  the  base  vehicle,  particu- 
larly in  the  case  of  the  air  bag  system.  This  means  that  the  resulting 
total  vehicle  dynamic  crush  and  therefore  the  vehicle  length,  will  be 
somewhat  larger  than  the  baseline.  The  exact  increase  in  length  must  be 
determined  from  packaging  considerations,  and  will  involve  the  determina- 
tion of  the  crush  "efficiency"  (crushed  length  divided  by  crushable  length), 
bumper  collapse,  and  allowable  engine  intrusion  of  the  particular  RSV  front 
end  design. 

A listing  of  the  "fixed"  input  parameters  used  in  the  Battelle  ^ 

model  to  generate  the  optimized  "belt"  and  "air  bag"  vehicle  performance 
at  various  speeds  is  included  as  Tables  33,  34,  35,  and  35. 

It  can  be  seen  from  the  tables  that  the  energy  absorbers  repre-  | 
seating  engine/firewall  dash  and  driveline  interface  (EAll) , engine/radiator 
interface  (EA16) , engine  mounts  (EA14),  and  the  bumper/barrier  interface  I 

I 

(EA17)  are  the  same  for  both  vehicles.  The  force-deflection  data  shown 
are  in  kilopounds  and  inches,  respectively.  It  should  be  noted  that  the  j 

dynamic/static  force  magnification  factors  utilized  for  the  foreframe  |i 

(EA15)  and  the  aftframe  (EA12)  , are  fourth  order  polynomials  based  on  j| 

the  relative  velocity  of  the  passenger  compartment  (Ml)  and  the  bumper 

! 

(M4)  . This  was  a modification  to  the  Battelle  model  made  at  Ford  to  get  jl| 
a better  representation  of  car-to-car  simulations.  It  should  also  be  ij 

noted  that  "bottoming  out"  forces  were  added  to  the  foreframe  (EA15)  and  I 

the  aftframe  (EA12)  after  the  design  crush  length  is  used.  ^ 

!i' 


Table  37 

Projected  Vehicle  Performance  - 
Front  Barrier  Impact 


Vehicle  g 


V 

0 

AV 

Inches 

of  Dynamic 

Filtered 

Solution 

MPH 

MPH 

Crush 

Intrusion 

Peak 

"Average"  ! 

RSV  Belt 

20 

23.5 

14.5 

0 

16.0 

11.0  1 

30 

33.5 

24 

2.5 

21.0 

15.0  ! 

40 

44.5 

32 

10.5 

30.0 

20.0 

50 

57.0 

43 

17.5 

38.0 

23.5  1 

RSV  Bag 

20 

23.5 

16 

0 

14.9 

10.0 

30 

33.5 

25 

3.5 

23.0 

14.5  ! 

40 

44.5 

33 

9.5 

31.9 

19.5  i) 

50 

57.0 

41 

17.5 

39.0 

24.0  1 

I 

|1: 
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BATTELLE  INPUT  PARAMETERS  FOR  FRONT-TO-BARRIER  IMPACTS  OF 
THE  THREE-POINT  BELT  VEHICLE 
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The  results  of  the  simulated  optimized  vehicle  performance  are  listed  in 
Table  37  and  graphically  displayed  in  Figures  50,  51,  and  52.  Additional 
results  showing  the  RSV  force-deflection  characteristics  and  acceleration- 
time  response  at  speeds  of  20,  30,  40,  and  50  mph  are  shown  in  Figures 
54,  55,  56,  and  57.  Selected  results  of  the  optimized  RSV  structural 
performance  are  compared  with  experimental  data  from  production  and  ESV 
vehicles  in  Figure  53.  Maximum  vehicle  occupant  compartment  acceleration 
as  a function  of  impact  speed  as  determined  from  the  structural  model*  is 
plotted  for  the  RSV  "Belt"  and  "Bag"  solutions  (Figure  50) . Inspection  of 
these  results  indicates  that,  in  the  30-50  mph  barrier  Impact  speed  range, 
the  belt  RSV  solution  results  in  compartment  acceleration  slightly 
less  than  the  air  bag  solution. 

Figures  51  and  52  present  the  dynamic  crush  and  intrusion  of  the 
optimized  belt  and  air  bag  RSV  solutions  versus  test  speed.  The  dynamic 
crush  shown  for  the  RSV  "Belt"  and  "Air  Bag"  solutions  in  Figure  51  is 
that  defined  in  the  Battelle  structural  model  as  the  deflection  of  absorber 
EA13,  which  connects  the  occupant  compartment  mass  to  the  bumper  mass. 

The  Battelle  program  computes  the  relative  dynamic  displacement  of  the 
engine/transmission  mass  with  respect  to  the  passenger  compartment.  The 
subtraction  of  the  initial  distance  between  the  engine  mass  and  the  com- 
partment mass  from  the  aforementioned  relative  displacement  yields  the 
value  for  engine  intrusion  into  the  passenger  compartment.  The  measured 
dynamic  crush  data  of  the  Ford  family  sedan  ESV,  and  other  ESV  sedans  (43), 
and  some  production  sedans,  is  comparable  to  that  as  defined  in  the  structural 
model.  Production  vehicle  crash  test  crush  and  intrusion  values  as  well  as 
other  selected  ESV  data  points  are  shown  for  comparison  purposes.  The 
dynamic  crush  for  the  optimized  RSV  air  bag  and  belt  solutions  appears  to 
be  somewhat  higher  than  that  for  the  current  production  Pinto  and  ESV 
full  size  vehicle  but  less  than  that  of  1973  full  size  Ford  sedans. 

The  intrusion  of  the  RSV,  as  shown  in  Figure  52,  is  less  than 
that  of  the  1975  production  Pinto,  comparable  to  the  full  size  1973  pro- 


*Filtered  at  35  with  a 24dB/octave  filter  and  adjusted  to  yield  the 
same  change  in  velocity  as  the  "unfiltered"  Battelle  acceleration  output. 

(43)  "An  I'lv.j  luaL  ion  of  the  U.S.  Family  Sedan  IlSV  Pro  ject,"  Final  Report, 
l)()T-MS-801-255,  October  1974. 


6-7 


Figure  50 


Vehicle  Acceleration  Response 
Simulated  Front  Barrier  Test 


MAXIMUM 

COMPARTMENT 

g* 


Figure  51 

Vehicle  Crush  Response 
Simulated  Front  Barrier  Test 


DYNAMIC 
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^Filtered  at  35  with  a 24dB/octave  filter  and  adjusted  to  yield  the 
same  change  in  velocity  as  the  "unf iltered"  Battelle  acceleration  output. 
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Figure  52 
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Vehicle  Intrusion  Response 
Simulated  Front  Barrier  Test 
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Figure  53 


RSV  Vehicle  Performance 
Front  Barrier  Impact 
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Figure  5A 


Front  End  Force-Deflection  Characteristic 
at  20  MPH 


Figure  55 

Front  End  Force-Deflection  Characteristic 
at  30  MPH 
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FORCE  - Kips  FORCE  - Kips 


Figure  56 


Front  End  Force-Deflection  Characteristic 
at  40  MPH 


Figure  57 

Front  End  Force  -Deflection  Characteristic 
at  50  MPH 
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Figure  58 


ACCELERATION 

(G) 


Structure  Response 
Frontal  Barrier  Impact 


TIME  (MSEC) 


duction  Ford,  but  not  nearly  as  small  as  ESV  intrusion  test  results  which 
conform  to  very  restrictive  passenger  compartment  integrity  specifications. 
The  RSV  intrusion  performance  is  an  important  result  of  the  Phase  I effort, 
and  is  replotted  in  the  RSV  performance  summary  chart  presented  in  Fig- 
ure 53.  This  figure  summarizes  the  results  of  Figures  50  through  52,  and 
compares  the  "average  performance  of  the  RSV  over  the  barrier  impact 
speed  range  of  30-50  mph  with  production  vehicle  and  ESV  performance.  It 
should  be  recalled  that  the  RSV  functional  parameters  were  optimized  to 
minimize  fatalities  and  injuries  over  a range  of  speeds,  occupants,  and 
modes  of  impact.  In  order  to  do  this.  Figure  53  indicates  that  the  vehi- 
cle so  designed  would,  in  a frontal  barrier  impact  over  this  speed  range, 
have  a reasonable  occupant  acceleration.  Figure  53  also  indicates,  how- 
ever, that  the  RSV  will  have  somewhat  more  crush  than  current  small  cars 
but  less  than  that  available  in  full  size  vehicles,  implying  some  lengthen- 
ing of  current  small  cars.  If  only  these  two  parameters  were  considered, 
compartment  acceleration  and  dynamic  crush,  an  apparent  conflict  exists, 
i.e.,  how  can  one  markedly  reduce  peak  compartment  acceleration  with  only 
a small  increase  in  vehicle  length?  Figure  53  indicates  that  the  RSV  re- 
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quires  more  intrusion  than  the  ESV  sedans  were  allowed.  The  additional 
intrusion  of  the  RSV  effectively  increases  its  crush  without  greatly  in- 
creasing car  length.  Designing  the  RSV  with  the  correct  crush  length 
and  engine  intrusion  while  maintaining  a reasonable  occupant  compartment 
acceleration  level  will  be  one  of  the  major  engineering  challenges  of 
Phase  II. 


6.1.2  Side  Impact 

It  was  assumed  in  the  analysis  that  the  RSV  would  be  struck  in 
the  side  by  vehicles  representing  the  full  range  likely  to  be  found  in 
the  1985  traffic,  about  a third  of  them  being  RSV's.  It  was  determined 
early  that  the  principal  means  of  occupant  protection  in  the  side  impacts 
would  be  an  energy-absorbing  restraint  inside  the  vehicle,  rather  than 
side  siiiierstnictiire. 

I'lie  side  structure  force  level  was  vari(,;d  from  15,000  [Kjiinds  to 
70,000  pounds.  It  was  observed  that  the  occupant  response  was  relatively 
insensitive  to  this  variation.  Therefore,  the  image  vehicle  side  struc- 
tural force  level  of  35,000  pounds  was  held  constant  throughout  final 
optimization.  These  values  were  used  as  input  to  the  "Battelle"  structural 
model  configured  for  a 4,000  pound  moving  barrier  side  impact  simulation  (shown; 
schematically  in  Figure  59)-  The  complete  set  of  Battelle  input  parame- 
ters is  shown  in  Tables  38  and  39.  The  force-deflection  parameters  are 
in  kilopounds  and  inches  , respectively.  In  the  simulations,  no  dynamic/ 
static  force  magnification  factor  was  used.  EA17  simulates  the  door  B- 
pillar  to  A-pillar  structure  and  EA23  simulates  the  underbody  - body 
structure.  Tire  friction  is  simulated  by  EA27.  The  RSV  acceleration  and 
side  intrusion  response  results  are  listed  in  Table  40  and  plotted  in 
Figures  60  and  61.  Side  structure  force-deflection  characteristics  at 
10,  20,  30,  and  40  mph  are  shown  in  Figures  62,  63,  64,  and  65.  Vehicle 
response  test  points  for  a 1974  production  Pinto  are  also  plotted  in  these 
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BATTELLE  INPUT  PARAMETERS  FOR  SIDE  IMPACT 
WITH  A 4000  LB.  MOVABLE  BARRIER 

farahetric  values 

type  XIDO,  >2D0,  SI-,  ZFO,  SL  ♦ OB,  DC,  ZKA,  ZKB,  A.'IAX,  AMIN,  CV  KON 

MRH  G IN.  KL3  in.  in.  in.  KLb/IN.  <LB/IN.  <L0  <l3 
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Figure  59 


Structural  Model  Configuration 
Moving  Barrier  Into  RSV  Side  Impact  Simulation 


M14  - Moving  Barrier 

M24  - Door  Mass 

M21  - Vehicle  Mass 

M22  - Suspension  Mass 

EA17  - Door-B-Pillar-A-Pillar  Spring 

EA23  - Underbody  - Body  Spring 

EA72  - Tire  Friction 

EA22  - Suspension/Vehicle  Spring 


Table  40 


Projected  Vehicle  Performance  - 
Side  Moving  Barrier  Impact 


Solution 

V^  (Mph) 
(Barrier) 

AV 

Mph 

(RSV) 

Inches  of 
Dynamic 
Intrusion 

Peak 

Vehicle 

8 

Averag 

g 

RSV 

10 

7 

1.5 

12 

9.3 

Belt  & 

20 

12 

5.2 

12 

9.5 

Air  Bag 

30 

17 

12 

12 

10.4 

40 

23 

25 

13 

10.9 
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Figure  60 


AVERAGE 
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SIDE 

DYNAMIC 
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Vehicle  Acceleration  Response 
Simulated  Side  Moving  Barrier  Test 


Figure  61 

Vehicle  Intrusion  Response 
Simulated  Side  Moving  Barrier  Test 


10  20  30  40  50 

IMPACT  SPEED  (MPH) 
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FORCE  - KIPS 


Figure  62 


Side  Structure  Force-Deflection  Characteristic 

at  10  MPH 


Figure  63 

Side  Structure  Force-Deflection  Characteristic 

at  20  MPH 


A_i « 


forci;  - KIPS  force  - kips 


Figure  64 


Side  Structure  Force-Deflection  Characteristic 

at  30  MPH 


Figure  65 

Side  Structure  Force— Deflection  Characteristic 

at  40  MPH 
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figures  for  comparison  purposes.  The  vehicle  side  impact  performance  of 
the  RSV  is  the  same  for  both  the  "Belt"  and  "Air  Bag"  solutions  and  is 
comparable  to  the  1974  Pinto. 

6 . 2 Occupant  Protection 

This  section  discusses  the  performance  during  a crash  expected 
for  the  driver  of  the  RSV  optimized  for  belt  restraints  and  air  bag 
restraints.  Predictions  of  driver  response  obtained  from  the  8-mass  occu- 
pant dynamics  two-dimensional  model  ("FROST")  and  the  3-mass  occupant 
dynamics  three-dimensional  side  impact  model  are  presented  here,  along 
with  selected  volunteer  and  dummy  test  data  in  simulated  and  barrier 
vehicle  crashes. 

6.2.1  Front  Impact 

Acceleration-time  traces  from  the  "Battelle"  structural  model 
RSV  solution  (Section  6.1.1)  along  with  the  following  optimum  belt  and 
air  bag  restraint  system  functional  parameters  were  used  as  input  to 
the  "FROST"  8-mass  occupant  dynamics  model  to  predict  the  RSV  driver 
response  over  a range  of  speeds  in  a simulated  front  barrier  impact: 

Belt  system  stiffness:  3,653  pounds/foot 

. Air  bag  collapse  load:  4,356  pounds 

. Air  bag  effectiveness  time:  40  milliseconds 

Additional  parameters  held  constant  included: 

Slack  of  the  belt  system, 

. Location  of  the  chest  target  with  respect  to  the 
occupant , 

. The  force-deflection  characteristic  of  the  chest 
target. 

Location  of  the  knee  target  with  respect  to  the 
occupant. 

The  force-deflection  characteristic  of  the  knee 
target , 

. The  occupant  parameters,  which  described  a 50th 
percentile  male. 

The  driver  response  predictions  from  this  model  for  RSV-into- 
barrier  impacts  at  impacting  speeds  of  20,  30,  40,  and  50  mph  are  sum- 


6-20 


marized  in  Table  41  and  plotted  in  Figures  66,  67,  68,  and  69.  Addi- 
tional experimental  dummy  test  device  and  volunteer  data  are  also  shown 
in  these  figures  for  comparison  purposes.  A comparison  of  the  RSV  chest 
acceleration  performance  for  the  belt  solution  (Figure  66)  with  the  air 
bag  solution  values  indicates  that  in  a barrier  impact  simulation  the 
air  bag-restrained  driver  will  experience  a higher  chest  acceleration 
than  a belted  RSV  driver.  The  RSV  belt  solution  chest  response  per- 
formance agrees  well  with  that  of  previous  ESV  air  bag  performance  data. 


Table  41 

RSV  Projected  Driver  Performance  - Front  Barrier  Impact 


V 

O 

AV 

Peak 

Driver 

Femur 

Solution 

MPH 

MPH 

Chest  g* 

Head  g* 

HIC** 

Loads 

Belt 

20 

23.5 

30.6 

49.5 

300 

805 

30 

33.5 

40.0 

66.1 

727 

1104 

40 

44.5 

52.0 

72.9 

1285 

1500 

50 

57.0 

67.0 

97.9 

2220 

1867 

Air  Bag 

20 

23.5 

32.0 

45.5 

118 

1112 

30 

33.5 

50.8 

53.3 

277 

1483 

40 

44.5 

63.6 

68.6 

615 

1921 

50 

57.0 

78.6 

82.1 

1034 

2107 

*Largest  three  millisecond  average  g. 

**Per  FMVSS  208,  Notice  23. 

In  a similar  comparison  of  head  acceleration  performance  (Fig- 
ure 67)  it  is  seen  that  the  RSV  air  bag-restrained  driver  will  experience 
lower  head  accelerations  in  the  30-50  mph  speed  range  than  the  belted  RSV 
driver.  The  RSV  air  bag  solution  head  response  performance  agrees  well 
with  that  of  previous  ESV  air  bag  performance  data. 

Comparing  the  RSV  driver  HIC  response  performance  for  the  belt 
solution  (Figure  68)  with  the  air  bag  solution  predictions  reveals  that 
the  belted  driver  will  experience  a higher  HIC  than  the  air  bag-restrained 
driver.  ESV  HIC  data  were  not  reported. 

The  predicted  RSV  driver  average  peak  femur  load  performance  is 

\ 

sliown  In  Figure  69-  It  indicates  that  the  femur  loads  in  the  "Air  Bag" 
solution  (air  bag  plus  lap  belt)  are  higher  than  those  predicted  for  the 
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Figure  66 


Driver  Chest  Acceleration  Response 
Simulated  Front  Barrier  Test 
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Figure  67 

Driver  Head  Acceleration  Response 
Simulated  Front  Barrier  Test 
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Figure  68 


HIC 

(NOTICE  23) 


Driver  HIC  Response 
Simulated  Front  Barrier  Test 


Figure  69 


AVERAGE  PEAK 
FEMUR  LOADS 
(Lbs) 


Driver  Femur  Load 
Simulated  Front  Barrier  Test 
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"Belt"  solution  (3-point  belt)  because  of  the  differences  in  occupant 
kinematics.  These  are  in  reasonable  agreement  with  experimental  femur 
data  shown  in  Figure  69 » and  are  not  necessarily  high  enough  to  cause 
fracture  in  the  light  of  recent  femur  injury  criteria  studies  (A4,  45,  46) 

6.2.2  Side  Impact 

Acceleration-time  traces  from  the  Battelle  structural  model 
along  with  the  following  side  impact  Interior  functional  parameters  were 
used  as  input  to  the  HSRI-Three-Mass  3-D  occupant . dynamics  simulation 
model  to  predict  the  unrestrained  RSV  driver  response  over  a range  of 
speeds  in  a simulated  moving  barrier-into-RSV  side  impact  for  the  belt 
and  air  bag  solutions: 

Belt  Restraints 

. Side  bolster  collapse  load  - 650  pounds 
. Side  bolster  thickness  - 3.7  inches 
Air  Bag  Restraints 

Side  bolster  collapse  load  - 690  pounds 
. Side  bolster  thickness  - 2.8  inches 
Additional  parameters  held  constant 
Presence  of  side  window, 

. Side  window  angle  ("tumblehome") , 

. Side  door  intrusion  distance  and  the  "speed" 
of  intrusion, 

. Deceleration  profile  of  the  vehicle, 


(44)  J.  J.  King,  W.  R.  S.  Fan,  R.  J.  Vargovick,  "Femur  Load  Injury 
Criteria  - A Realistic  Approach,"  17th  Stapp  Car  Crash  Conference,  SAE- 
730984,  Oklahoma  City,  November  1973, 

(45)  R.  L.  Stalnaker,  "Human  Tolerance  to  Impact,"  Highway  Safety  Research 
Institute,  Biomechanics  Department,  SAE/VRI  Project  8.2,  Second  Progress 
Report,  1974. 

(46)  W.  Powell,  et  al,  "Investigation  of  Femur  Response  to  Longitudinal 
Impact,"  18th  Stapp  Car  Crash  Conference,  Ann  Arbor,  Michigan,  SAE- 
741190,  December  1974. 
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. The  occupant  parameters,  which  describe  a 
50th  percentile  male. 

The  driver  response  predictions  from  this  model  for  moving 
barrier-into-RSV  impacts  at  barrier  velocities  of  10,  20,  30,  and  40  mph 
are  summarized  in  Table  42  and  plotted  in  Figures  70,  71,  and  72-  Addi- 
tional experimental  belted  anthropomorphic  test  device  data  obtained  for 
one  20  mph  moving  barrier-1974  Pinto  impact  are  also  shown  for  comparison 
purposes. 

An  inspection  of  Table  42  reveals  that  the  occupant  model  re- 
sponses for  the  air  bag  and  belt  solutions  are  practically  identical, 
hence  only  one  curve  is  shown  for  both  solutions  in  Figures  70  through  72. 

Table  42 

RSV  Pro j ected  Driver  Performance  - Side  Moving  Barrier  Impact 


V (MPH) 
o 

AV-RSV 

Peak 

Driver 

Solution 

Barrier 

MPH 

Chest  g* 

Head  g* 

HIC** 

Belt 

10 

7 

11.0 

41.1 

89 

20 

12 

17.4 

64.9 

210 

30 

17 

68.0 

101.3 

894 

40 

23 

119.2 

139.3 

2049 

Air  Bag 

10 

7 

11.2 

41.4 

90 

20 

12 

17.5 

65.1 

212 

30 

17 

66.8 

101.6 

898 

40 

23 

117.7 

139.5 

2037 

*Largest  three  millisecond  average  g. 

**Per  FMVSS  208,  Notice  23. 

6.3  Test  Variability  Considerations 

The  calculations  carried  out  in  this  study  produce  a nominal 
expected  value  for  occupant  response  in  barrier  crash  tests,  as  shown  in 
the  figures  in  Sections  6.1  and  6.2.  It  is  expected  that  when  a vehicle 
is  designed  and  constructed  to  conform  to  the  functional  parameters 
arrived  at  by  the  optimization  process,  crash  test  results  would  be  simi- 
lar to  the  values  shown  in  these  figures.  However,  there  are  at  least 
two  sources  of  uncertainty  in  final  test  results:  there  can  be  differences 

that  occur  as  a consequence  of  the  necessary  idealizations  of  the  models, 
and  there  is  an  additional  uncertainty  due  to  chance  variations  arising  xn 
testing. 
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Figure  70 


PEAK 

CHEST 

g 


PEAK 

HEAD 

g 


Driver  Chest  Acceleration  Response 
Simulated  Side  Moving  Barrier  Test 


Figure  71 


Driver  Head  Acceleration  Response 
Simulated  Side  Moving  Barrier  Test 
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Figure  72 


Driver  HIC  Response 
Simulated  Side  Moving  Barrier  Test 


IMPACT  SPEED  (MPH) 


The  simulations  in  this  study  could  not  embody  all  possible 
variables  which  would  affect  response,  so  there  will  probably  be  a 
difference  in  what  the  model  predicts  compared  to  crash  test  results. 

The  dynamics  models  are  necessarily  an  idealization  of  crash  test  per- 
formance, to  say  nothing  of  actual  crashes.  While  the  attempt  has  been 
made  in  this  study  to  produce  results  in  terms  of  absolute  numerical 
values,  it  should  be  recognized  that  these  kinds  of  procedures  have  more 
often  been  used  when  relative  results  are  all  that  were  wanted  rather  than 
absolute  values.  There  is  no  way  to  determine  the  degree  to  which  the 
models  predict  reality  short  of  actual  testing.  If  component  responses 
adequately  match  predictions  for  them  it  might  be  inferred  that  the  whole 
system  will  also  do  so,  but  there  is  no  certain  proof. 

The  second  source  of  uncertainty,  that  due  to  chance  factors 
operating  in  individual  crash  tests,  was  determined  experimentally.  In 
a previous  Ford  Motor  Company  study  (47)  33  full-size  Mercury  cars  with  air 
bags  were  crash  tested  to  determine  the  amount  of  test  variability.  It 


(47)  J.  Versace  and  Roger  Berton,  "Determination  of  Restraint  Effectiveness 
Air  Bag  Crash  Test  Repeatability."  SAE  Paper,  750395,  February  1975. 
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was  found  that  the  results  of  any  two  identical  tests  differed  by  about 
120  units  in  HIC,  on  the  average,  and  by  about  seven  g in  chest  accelera- 
tion. The  variability  was  found  in  those  tests  to  increase  with  response 
level,  so  the  uncertainty  of  response  would  be  considerably  greater  at 
high  speeds  than  at  low.  One  way  to  consider  this  variability  is  to 
bracket  the  nominal  response  level  with  prediction  limits  for  a single 
future  test  result.  The  limits  tell  where  future  test  results  are  likely 
to  be  concentrated.  For  purposes  of  exposition,  the  variability  found 
in  the  33  crash  tests  was  superimposed  on  the  RSV  optimization  results, 
as  shown  for  HIC  in  Figure  73,  a repeat  of  the  one  shown  previously. 

In  this  figure,  the  nominal  results  of  the  optimization  are  bracketed 
with  the  90  percent  and  99  percent  prediction  limits  resulting  from  the 
chance  variability  that  occurs  in  individual  tests. 

Figure  73 


Driver  HIC  Response  Simulated  Front  Barrier  Test 
With  90%  and  99%  Prediction  Limits  for  Air  Bag  Case 
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The  nominal  response  of  1,000  HIC  occurs  at  a speed  of  49  mph. 
Looking  at  the  variability  vertically,  it  is  seen  there  is  a 90  percent 
chance  the  results  of  any  one  test  would  be  in  the  range  of  700  to  1460, 
and  a five  percent  chance  that  it  will  exceed  1460.  Looking  at  the  varia- 
bility horizontally,  the  lower  limit  of  the  uncertainty  band  extends 
down  to  42  mph,  and  to  some  indefinite  value  beyond  the  scale  of  compu- 
tation in  the  upward  direction.  If  more  prudent  Intervals  are  desired, 
as  would  be  the  case  for  a manufacturer  wishing  to  be  assured  that  a very 
substantial  fraction  of  his  product  would  meet  some  requirement,  then  a 
99.9  percent  interval  might  be  appropriate.  The  upper  limit  for  that 
would  be  a HIC  of  more  than  2000;  conversely,  the  speed  at  which  HIC 
equals  1000  — looking  again  at  the  variability  horizontally  — would 
be  about  36  mph. 

6 . 4 Other  Energy  Management  Considerations 

The  RSV  performance  description  parameters  other  than  front  and 
side  structural  and  restraint  system  requirements  parallel  Sections  2.4 
and  2.5  of  the  Technical  Specification  - U.  S.  Intermediate  ESV  and  is 
outlined  below,  under  the  subsection  designations  used  in  Technical  Speci- 
fication - U.  S.  Intermediate  ESV. 

2 . 4 Crash  Energy  Management  Systems 
2.4. 1.3  Roof  Structure 

It  is  anticipated  that  the  roof  structure  will  be 
designed  to  conform  to  current  FMVSS  216  requirements. 

2.4.2  Exterior  Protection 

Exterior  protection  requirements  (bumpers)  were 
included  in  the  system  model  optimization  tradeoff 
study. 

2.4.3  Fuel  System  Integrity 

Because  of  the  low  frequency  of  fire-induced  fatali- 
ties, vehicle  design  changes  specifically  aimed  at  pre- 
venting vehicle  fires  beyond  those  required  for  the  ex- 
panded FMVSS  301  (Fuel  System  Integrity)  and  the  existing 
FMVSS  302  (Flammability  of  Interior  Materials)  are  not 
envisioned  for  the  Phase  II  design  (see  Section  6.6.2) 
of  this  report. 
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2.4.4  Pedestrian/Cyclist  Protection 

It  is  anticipated  that  insufficient  data  exist  for 
a specification  in  this  area.  However,  an  attempt 
should  be  made  to  model  the  Impact  of  a pedestrian  with 
the  proposed  RSV  front  structure/bumper  design  utiliz- 
ing the  "CAL  3-D"  occupant  dynamics  simulation  program 
developed  under  sponsorship  of  NHTSA  and  MVMA. 

Occupant  Compartment  Systems. 

2.5.1  Seating  Systems 

Seating  systems  specifications  will  be  consistent  with 
occupant  comfort  and  cost-benefit  requirements,  but  may  not 
satisfy  all  the  requirements  of  FMVSS  201  and  202. 

Seat  tracks  and  front  seat  backs  will  meet  current  FMVSS 
207,  as  well  as  the  projected  g-loads  during  frontal  impacts. 

2.5.2  Occupant  Restraint  Systems 

Included  in  Sections  5 and  6 of  this  report. 

2.5.3  Flammability 

Under-carpet  padding  must  conform  to  FMVSS  302  — 
Flammability  of  Interior  Materials.  All  interior  trim 
items  must  also  conform  to  FMVSS  302. 

2.5.4  Interior  Design 

Optimal  force-deflection  characteristics  for  interior 
surfaces  are  included  in  Sections  5 and  6.  The  glass  lami- 
nation design  and  thickness  of  the  windshield  will  conform 
to  current  company  practices  to  ensure  compliance  with  FMVSS 
212  (Windshield  Mounting) . Door  locks  must  conform  to  FMVSS 
206  (Door  Locks  and  Door  Retention  Components). 


6.5  Accident  Avoidance 


This  section  contains  specifications  for  braking,  steering, 
handling,  rollover,  visibility,  and  lighting. 

In  some  cases,  the  requirements  and/or  techniques  for  measuring 
vehicle  performance  differ  from  existing  or  proposed  FMVSS’.  These  differ- 
ences are  based  on  research  evidence  which  became  available  after  the 
effective  dates  of  the  FMVSS'  or  the  announcements  of  proposed  standards. 
The  inclusion  of  such  differences  is  intended  to  stimulate  the  collection 
of  new  research  data  and  the  evaluation  of  the  feasibility  of  alternative 
approaches.  Research  needs  and  approaches  are  discussed  in  Appendix  D. 

6.5.1  Braking  Performance 

All  FMVSS  105-75  requirements  must  be  met  by  the  vehicle,  pro- 
vided the  conditions  stated  in  Appendix  E are  satisfied. 

6.5.2  Steering 

The  steering  system  must  meet  the  following  performance  specifi- 
cations : 

Steering  Recovery.  The  steering  wheel  must  return  to  within  90 
degrees  of  straight-ahead  position  within  two  seconds  after  wheel  release 
from  a normal  cornering  operation  (one  and  one-half  turns  for  normal  ratio 
gear  systems,  and  an  inner  road-wheel  angle  equivalent  to  a 40  foot  radius 
turn  for  variable  ratio  gear  systems) . Note:  For  a new  vehicle  with  less 

than  25  miles  of  operation,  the  steering  wheel  must  return  within  five 
seconds  after  wheel  release.  These  tests  are  to  be  conducted  at  a con- 
stant vehicle  speed  of  14-16  mph  on  brushed,  dry  concrete,  with  the  steer- 
ing gear  at  maximum  preloads  and  suspension  geometry  set  to  nominal  values, 
and  with  a vehicle  load  of  driver  and  recorder  only. 

Returnability . To  test  steering  returnability , the  RSV  will  be 
be  driven  at  50  mph  around  a fixed  radius  sized  to  achieve  .4  g.  At  a 
predetermined  point  of  the  vehicle  path  when  the  driver  releases  the 
wheel  completely,  steering  returnability  shall  fall  within  the  envelope 
defined  by  Figure  74.  Curve  1 is  the  upper  bound  for  response  at  50  mph; 
Curve  2 is  the  lower  bound  at  50  mph. 
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Figure  74 


Free  Control  Heading 


TIME^SECONDS 
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Backlash.  With  the  vehicle  moving  straight  ahead  on  a level 
road  at  15  to  30  mph,  up  to  one  inch  of  backlash  measured  at  the 
rim  of  the  steering  wheel  shall  produce  slight  steering  deviations  to 
the  right  or  left . 

Turning  Diameter . The  nominal  turning  diameter  of  the  RSV 
will  be  comparable  with  contemporary  vehicles  of  similar  size.  (Nominal 
turning  diameter  is  defined  by  the  average  of  the  right  and  left  turning 
diameters.) 

Steering  Efforts.  Static  and  dynamic  steering  efforts  with 
either  manual  or  power  steering  are  to  be  comparable  to  those  of  con- 
temporary vehicles. 

6.5.3  Handling 

Steady  State  Yaw  Reponse.  In  response  to  a steering  input  for 
which  the  lateral  acceleration  is  .4  g,  the  vehicle  will  maintain  a steady 
state  yaw  velocity  response  at  forward  velocities  of  36.7  feet/second 
(25  mph),  73.3  feet/second  (50  mph),  and  102.7  feet/second  (70  mph)  with- 
in the  envelop  defined  by  Figure  75. 

Transient  Yaw  Response.  With  a steering  input  applied  at  a 
rate  no  less  than  500  degrees/second  and  held  constant  at  a value  which 
produces  a .4  g steady  state  lateral  acceleration  at  test  velocities  of 

25  mph  and  70  mph,  the  transient  yaw  response  of  the  RSV  shall  be  as 

described  in  Figure  76.  In  this  figure,  the  upper  curve  is  the  upper 
limit  for  a test  speed  of  70  mph,  while  the  lower  curve  is  the  lower  limit 

for  a test  speed  of  25  mph,  and  does  not  apply  at  70  mph. 

Handling  Evaluations.  The  ESV  handling  specifications  can 
serve  as  an  interim  guideline  for  performance.  A more  meaningful  set 
of  objective  handling  requirements  can  be  constructed  and  evaluated  only 
if  a quantitative  relationship  between  accident  causation  and  occurrence 
is  established.  The  ESV  specifications  outline  the  boundaries  of  a limited 
number  of  dynamic  properties  of  vehicles  already  judged  to  be  satisfactory 
by  experts.  It  is  important  to  realize,  however,  that  these  specifications 
alone  do  not  guarantee  a vehicle  which  is  both  familiar  to  the  ordinary 
consumer  and  adequate  in  controllability  and  stability  as  empirically  de- 
termined by  vehicle  development  experts.  Therefore,  we  recommend  that 
the  following  evaluation  tests  be  used  as  the  principal  criteria  of  RSV 
handling. 
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Figure  75 


Steady  State  Yaw  Reponse 
Versus  Tangential  Velocity 


100 


90 


70 

60 

60 


30 

20 

10 

9 


MPH 


6-34  * 


NKX\X\XX\ 

ACCEPTABLE 


PERCENT  OF  STEADY  STATE- 


Figure  76 


Transient  Yaw  Reponse 


TIME  - SECONDS 


li 

ill 


;!! 


i! 

li 

li 


0 


0.4 


6-35 


i 

Evaluation  Tests.  A chassis  tuning  process  currently  in  use 
within  the  automobile  industry,  which  assists  in  developing  a vehicle  that 
is  both  familiar  to  the  consumer  and  equivalent  in  controllability  to  pro- 
duction cars,  will  t>e  applied  to  the  RSV.  This  tuning  process,  not 
well-defined  numerically,  has  proven  to  be  dependable  and  consistent  in 
developing  satisfactory  vehicle  handling  characteristics.  Briefly,  it 
may  be  summarized  as  an  iterative  series  of  tests  conducted  by  expert 
automotive  driver /engineers.  Various  components  of  the  vehicle  are  sub- 
stituted, then  exercised  in  many  handling  maneuvers  until  an  agreeable 
compromise  is  reached  among  all  handling  properties.  The  following  is  a 
brief  description  of  the  tests  and  criteria  for  evaluation.  Unless  other- 
wise specified,  tests  should  be  conducted  on  smooth,  diry  pavement  with  a 
skid  number  between  70  and  90,  measured  by  the  standard  ASTM  40  mph  test. 

Torque  Steer.  First,  proceed  along  any  straight,  level,  smooth 
road  at  a steady  40  mph.  Abruptly  open  the  throttle  and  hold  until  the 
vehicle  has  established  a new  direction;  then  abruptly  close  the  throttle. 
(The  steering  wheel  may  be  held  straight  or  may  be  steered  to  compensate 
for  the  torque  steering.) 

Second,  proceed  through  an  unbanked  300  foot  radius  turn  at 
40  mph.  Open  the  throttle  abruptly,  allow  the  vehicle  to  respond,  then 
close  the  throttle  abruptly.  Repeat  procedure  in  a 300  foot  radius  turn 
in  the  opposite  direction.  (The  steering  wheel  may  be  fixed  or  steered  to 
compensate  for  the  torque  steering.) 

Evaluations  are  based  on  the  degree  to  which  the  car  maintains 
its  original  course  when  accelerating  or  decelerating,  if  the  wheel  is  held 
fixed.  If  the  evaluation  is  made  by  compensating  for  torque  steer,  the 
ratings  are  based  on  steer  angle  and  the  rate  of  input  required  to  maintain 
a desired  course. 

Braking.  Proceed  along  a straight,  high  speed  track  at 
75  mph.  Spike  the  brakes  in  drive  to  near  lock-up,  approximately  24  feet 
per  second/per  second  for  dry  surface.  Perform  the  test  on  both  wet  and  dry 
surfaces . 

Evaluations  are  based  upon  the  degree  to  which  the  vehicle  main- 
tains its  original  heading  and  path,  and  the  degree  to  which  there  is  in- 
dication of  impending  skid  or  path  deviation. 
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Brake  Hop.  Drive  on  a straight  course  on  a flat,  smooth,  high 
traction  surface  at  75  mph.  Modulate  the  brakes  at  various  levels  from 
light  to  near  lock-up,  using  care  not  to  overheat  the  brakes. 

Evaluation  is  based  upon  the  severity  of  vibrations  caused  by 
braking,  the  amplitude  of  vehicle  yaw  oscillations,  and  the  ease  of  con- 
trolling the  vehicle  during  the  maneuver. 

Expressway  Directional  Stability.  Operate  vehicle  on  a smooth, 
straight  road,  such  as  an  expressway,  at  the  posted  speed  limit,  or  on 
a high  speed  test  track  at  up  to  90  mph.  Maintain  a straight  course 
relative  to  a longitudinal  line  on  the  road,  making  required  course 
corrections.  Make  moderate  lane  changes  such  as  for  passing  in  sparse 
traffic.  Run  this  test  on  both  wet  and  dry  roads,  with  winds  under  12 
miles  per  hour. 

Evaluate  stability  of  vehicle  course  by  the  minimum  steering 
input  required.  Note  whether  vehicle  pulls  or  leads  left  or  right,  or  if 
steering  effort  is  neutral.  The  vehicle  should  maintain  its  course  with- 
out continual  corrections  by  the  driver,  and  course  changes  should  be 
generated  as  desired  upon  the  driver's  first  steering  input.  Note  also 
the  lead  effect  of  changing  road  crown  or  wind  directions. 

Crowned  Road  Stability.  Operate  on  a high-crowned,  blacktop 
road,  such  as  found  in  many  rural  areas.  Proceed  in  a straight  line  in 
each  lane  at  speeds  up  to  the  legal  limit.  Make  moderate  lane  changes 
across  the  center  of  the  crowned  road.  Evaluate  for  stability  and  con- 
trol. 

Crosswind  Stability.  Evaluate  the  amount,  frequency,  and  quick- 
ness of  corrections  required  to  maintain  a straight  path  under  the  effects 
of  wind  gusts,  passing  trucks,  woods,  viaducts,  etc.  The  vehicle  should 
remain  on  course  in  gusty  winds  with  minimum  attention  to  steering  cor- 
rections. The  corrections  which  are  necessary  should  be  small  and  precise 
and  made  in  anticipation  of  disturbances.  The  velocity  and  gustiness  of 
the  wind  should  be  taken  into  account. 

Transitional  Stability.  Perform  lane  changes  of  severity  rang- 
ing from  light  to  near  the  limit  of  vehicle  capability  to  assess  lateral 
acceleration  and  roll  response  to  steering  inputs.  Evaluate  at  speeds  up 
to  80  mph  as  a measure  of  behavior  during  evasive  maneuvers.  Make  lane 
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changes  both  left  and  right;  make  double  lane  changes  (to  other  lane 
and  back  again)  at  various  speeds.  Make  alternating  lane  changes  to 
evaluate  yaw  oscillations  and  damping. 

Assess  controllability  and  stability  of  the  vehicle  during 
the  preceding  maneuvers.  Desired  qualities  are  predictability, 
steering  precision,  freedom  from  yaw  oscillations,  steering  responsive- 
ness, progressive  rear-end  breakaway  and  roll. 

Rough  Road  Stability.  Operate  the  vehicle  on  straight  and 
curved  roads  with  random  roughness,  under  both  wet  and  dry  conditions. 
Make  moderate  accelerations  in  5 mph  increments  from  35  to  60  mph  (50 
mph  on  wet)  on  both  a straight  random  rib  section  and  on  a rough  curve. 
Make  mild  steering  corrections  on  each  surface. 

Assess  vehicle  controllability  at  each  of  the  speeds  and 
accelerations  specified. 

Cornering.  First , drive  through  both  straight  sections  and 
banked  turns  of  a high  speed  test  track  at  70  miles  per  hour  and  note 
amount  of  steering  input  required ^ 

Second,  drive  on  a handling  course  with  unbanked  curves  as 

follows : 

1.  200  foot  radius  curve  at  35  mph 

2.  300  foot  radius  curve  at  45  mph 

3.  500  foot  radius  curve  at  55  mph 

4.  Traverse  these  curves  at  increased  speeds,  approaching  the 

vehicle's  cornering  limit.  Keep  the  vehicle  within  the 

12  foot  lane,  using  sufficient  power  to  maintain  speed. 

High  speed  evaluation  is  based  on  the  degree  to  which  the 
vehicle  maintains  the  desired  path  with  a minimum  of  steering  input. 

Low  speed  evaluation  is  based  on  the  ease  with  which  the  vehicle  is  kept 
within  the  12  foot  lane.  As  cornering  forces  increase,  vehicle  response 
should  be  predictable  and  without  abrupt  changes,  up  to  the  cornering 
limit. 

General.  Procedures  for  vehicle  preparation  and  maintenance 
should  be  observed  throughout  the  period  of  the  foregoing  tests,  and  any 
modification  or  limitation  of  any  of  the  maneuvers  due  to  weather  con- 
ditions, or  other  variables  beyond  the  tester's  control  should  be  noted 
and  explained  in  the  test  report. 
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Rollover . Requirements  for  on-the-road  rollover  resistance 
based  on  the  DOT  "Drastic  Brake  and  Steer  Test"  (48)  will  not  be  estab- 
lished for  the  RSV  at  this  time.  Even  though  Ford  has  estimated  that 
about  one-fourth  of  all  passenger  car  occupant  fatalities  result  from 
events  in  which  vehicles  have  overturned  (49 ) » accident  data  compiled 
by  the  National  Safety  Council  indicate  that  the  majority  of  these  roll- 
overs occur  after  vehicles  leave  the  roadway,  not  "...  on  smooth,  dry 
pavement,"  as  stipulated  in  the  "Drastic  Brake  and  Steer  Test."  Thus, 
it  appears  that  the  "Drastic  Brake  and  Steer  Test"  is  not  necessarily  a 
good  predictor  of  overturning  immunity  in  "real-world"  accidents. 

6.5.4  Visibility 

Driver  Field  of  View.  RSV  specifications  for  driver's  field  of 
view  (FOV)  are  the  same  as  those  in  the  visibility  standard  proposed  to 
NHTSA  by  Ford  Motor  Company  (50)*  The  general  idea  of  this  visibility 
standard  is  that  the  driver  should  always  be  able  to  see  either  directly 
(foveally  or  peripherally),  or  indirectly  (as  in  a mirror)  certain  speci- 
fied "targets"  — zones  or  areas  in  space  — fully  encircling  the  vehicle 
and  representing  all  the  principal  things  the  driver  needs  to  see:  other 

vehicles,  moving  or  standing  pedestrians,  and  signs  and  signals  (see 
Figure  77).  These  field  of  view  specifications,  as  described  in  Reference 
51  , are  very  explicit  and  give  all  field  of  view  dimensions  necessary  for 
the  RSV.  For  example,  the  required  angles  of  the  forward  and  side  "zones" 


(48  ) "Vehicle  Handling  Test  Procedures,"  awarded  to  University  of  Michigan, 
Highway  Safety  Research  Institute,  Contract  FH-11-7297,  reported  November 
1970. 

(49)  E.  S.  Crush,  S.  E.  Henson,  and  0.  R.  Ritterling,  "Restraint  System 
Effectiveness,"  Ford  Automotive  Safety  Planning  and  Research  Office, 

Federal  Docket  69-7,  Notice  9,  Item  119,  September  1971. 

(50)  "Ford  Proposed  Visibility  Standard  - Fields  of  Direct  View,"  Ford 
Motor  Company  response  to  Docket  70-7;  Notices  2 and  3,  submitted  to 
NHTSA  on  October  5,  1972,  plus  amendments.  Refer  to  NHTSA  File  Nos. 

63,  63a,  96,  106,  106a,  and  109. 

(51)  "Field  of  View  from  Automotive  Vehicles,"  Ford  Motor  Company  report 
submitted  to  NHTSA  October  5,  1972  in  response  to  Docket  70-7;  Notices 

2 and  3.  Refer  to  NHTSA  File  No.  63. 
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Figure  77 

Visibility  Zones  and  Targets 


TRAFFIC  FLOW 


(Zones  A,  B,  C,  D,  in  Figure  77)  are  specified.  Also,  these  field  of 
view  specifications  utilize  the  SAE  Standard  J941c  "Motor  Vehicle  Drivers 
Eye  Range,"  (described  in  Section  6.7.1)  as  the  basis  for  establishing 
eye  points  for  viewing  the  specific  "zones"  and  "targets."  The  research 
source  for  these  field  of  view  requirements  is  the  Ford  field  of  view 
research  summarized  in  Appendix  F. 

Driver  Eye  Location.  Driver  eye  locations  will  be  described 
as  shown  in  Figure  78  using  the  statistical  representation  of  the 
driver’s  eye  locations,  or  "Eyellipse,"  defined  in  SAE  J941c,  "Motor 
Vehicle  Driver's  Eye  Range,"  dated  June  1972.  The  location  of  the  SAE 
Eyellipse  is  based  on  the  seating  reference  point  location  and  adjustment 
along  the  Eyellipse  Locator  line,  as  needed  for  accommodation  to  the  seat 
back  angle. 

Glare.  Bright  metal  components  in  the  driver's  field  of  view 
including  the  windshield  wiper  arms  and  blades,  inside  windshield  mould- 
ings, the  horn  ring,  and  hub  of  the  steering  wheel  assembly,  and  the  rear 
view  mirror  frame  and  mounting  bracket  must  comply  with  FMVSS  107  — 
Reflecting  Surfaces. 

Windshield  Def rosting-Def ogging  Systems  and  Windshield  Wiping- 
Systems.  The  windshield  def rosting-def ogging  system  and  the  windshield 
wiping-washing  system  provided  on  the  RSV  must  comply  with  FMVSS  103  and 
104,  respectively. 

The  glazing  areas  of  concern,  (Areas  A,  B,  C) , are  zones  on 
the  windshield  subtended  from  the  SAE  Eyellipse  at  particular  angles,  as 
shown  in  Figure  79. 

Sun  Visors.  Sun  visors  must  be  designed  so  that  when  placed  in 
a full-down  or  full-forward  position,  they  will  not  obscure  any  portion 
of  the  rear  view  mirror  to  the  right  of  the  vertical  centerline  of  the 
mirror  face  when  viewed  by  the  driver  from  any  point  in  the  95th  percen- 
tile eyellipse. 

Windshield  Transmission/Shade  Bands.  Transmission  of  light 
through  the  windshield  shall  conform  to  the  requirements  of  SAE  Recom- 
mended Practice  674.  The  shade  band  designed  to  provide  protection 
from  glare,  and  occupant  comfort  with  respect  to  solar  radiation  will 
be  placed  on  the  windshield  as  required  in  SAE  JlOO  and  as  shown  in 
Figure  80. 
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Figure  78 
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Figure  79 


Windshield  Clear  Areas 


Typical  areas  as  viewed  from  interior  of  the  vehicle. 

l/efrost  areas  windshield  wiped  areas 
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Figure  80 


Shade  Bands 


Backlight  Befogging  System.  A system  to  defog  the  required 

vision  area  of  the  backlight  may  be  incorporated  in  the  RSV.  If  incor- 
ported,  it  will  meet  the  requirements  of  the  SAE  Recommended  Practice, 

SAE  J953,  - Passenger  Car  Backlight  Befogging  System.  This  Recommended 
Practice  requires  that  a rear  vision  area  be  at  least  75  percent  defogged 
after  ten  minutes.  The  rear  vision  area  is  a zone  on  the  backlight  as 
seen  through  the  inside  rear  view  mirror  from  a tangent  point  on  the  SAE 
Eyellipse  furthest  from  the  mirror  center.  The  area  is  20  degrees  in 
width  and  extends  the  height  of  the  backlight. 

Visibility  Devices.  The  vision  areas  required  in  the  Ford  pro- 
posed visibility  standard  will  be  provided  by  such  devices  as  a right- 
side  convex  mirror,  an  inside  plane  rear  view  mirror,  a step  mirror,  or 
plane  left-side  mirror. 


6.5.5  Lighting 

The  Technical  Specification  for  the  U.  S.  Intermediate  ESV 
makes  reference  to  the  proposals  contained  in  Notice  3 of  Docket  69-19, 
"Lamps,  Reflective  Devices  and  Associated  Equipment."  The  proposals 
Include  changes  in  headlighting  systems  (in  particular,  a three-beam 
system  to  replace  the  current  four-lamp,  two-beam  system),  side-mounted 
turn  signal  and  parking  lamps,  functional  and  physical  separation  of 
rear  signals,  red  only  for  rear  turn  signals,  and  the  requirement  that 
lamps  be  manufactured  to  conform  to  detailed  candlepower  distribution 
specifications . 

It  has  not  been  demonstrated  that  any  significant  safety  need 
is  addressed  by  these  proposals  or  that  any  safety  increment  would  follow 
by  changing  from  current  practice.  In  some  cases,  notably  headlighting, 
more  research  is  required  to  demonstrate  a safety  need  and  to  specify 
the  requirements  that  will  result  in  safety  benefits.  Other  lighting 
proposals  are  not  supported  by  existing  research.  Specific  issues  are 
commented  on  briefly  in  the  following  paragraphs.  Comments  made  here, 
and  in  the  proposed  specifications,  are  in  line  with  positions  Ford  has 
taken  on  these  matters,  detailed  documentation  for  which  will  be  found 
in  the  Company  response  to  Docket  69-19;  Notice  3,  April  18,  1973. 

Headlights . NHTSA  contractor  research  (52  , 53  ) does  not  demon- 
strate a seeing  distance  advantage  for  the  mid-beam  over  the  low  beam  in 
meeting  situations  on  two-lane  highways,  the  type  of  road  on  which 
improved  headlighting  would  seem  to  provide  the  greatest  benefit.  It  is 
difficult  to  develop  meaningful  criteria  for  headlamp  performance  because 
seeing  distance  and  glare,  the  usual  measures  of  performance,  are  not 
easily  related  to  safety.  Ford  is  currently  pursuing  a program  of  re- 
search to  develop  a Headlight  Evaluation  Model  (54  ) . The  performance 
criterion  of  the  model  is  based  on  driver  performance  and  takes  into 


(52)  R.  nTHemion,  "The  Effect  of  Headlight  Glare  on  Vehicle  Control  and 
Detection  of  Highway  Vision  Targets,"  U.  S.  DOT  Contract  No.  11-4126, 
Southwest  Research  Institute,  San  Antonio,  Texas,  May  1968. 

(53)  B.  Adler  and  H.  Lunenfeld,  "Three  Beam  Headlight  Evaluation,"  H.  S. 
238-2-411-1,  AIL  Cutler-Hammer,  January  1973. 

(54)  E.  Farber  and  V.  Bhise,  "Ford  Headlight  Research  Program,  Interim 
Status  Report,"  Presentation  to  NHTSA,  June  21,  1974. 
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account  the  visibility  of  pavement  markings,  objects  on  or  near  the  road 
and  glare  under  a variety  of  typical  driving  conditions.  The  model  will 
be  used  to  evaluate  alternative  systems  in  terms  of  these  driver  per- 
formance criteria.  Results  of  this  research  will  be  made  available  for 
application  to  the  RSV  program.  The  Headlight  Evaluation  Model  is 
described  in  more  detail  in  Appendix  G. 

Signaling  and  Marking.  Specific  comments  on  proposals  for 
improved  signaling  and  marking  contained  in  Notice  3 of  Docket  69-19 
are  as  follows: 

Side  Turn  Signals.  Results  of  analysis  are  that  the  side  turn 
signals  specified  in  the  Notice  are  not  cost-effective  and  should  not  be 
required  for  the  RSV. 

Front  Turn  and  Parking  Lamps.  Research  results  support  the 
need  for  a 24-inch  minimum  lateral  separation  between  left  and  right 
turn  signal  and  parking  lamps. 

Rear  Signal  Lamps.  Stop  signal  should  be  incorporated  in  a 
separate  lamp,  assuming  additional  research  support.  The  proposals  for 
rear  signal  lamp  location  and  minimum  separation  should  not  be  required 
for  the  RSV.  Yellow  rear  turn  signals  should  be  permitted. 

Recommended  Specifications  for  the  RSV.  Headlighting,  signal- 
ing and  marking  systems  for  the  RSV  will  meet  the  requirements  specified 
at  present  in  FMVSS  108,  with  the  following  modifications. 

Rear  Stop  Signal.  There  is  sufficient  support  for  a separate 
stop  signal,  as  specified  in  Notice  3 of  Docket  69-19,  for  it  to  be  in- 
cluded in  the  RSV  for  demonstration  purposes. 

6 . 6 Post-Crash  Factors 

Consideration  of  post-crash  factors  was  limited  to  the  following 
vehicle-related  factors! 

. Emergency  Egress/Extrication/Entrapment 
Fire 

Submersion 
6.6.1  Extrication 

Emergency  egress/extrication  addresses  the  relative  ease  of  occu- 
pant emergence  or  removal  from  the  vehicle  after  the  crash.  Following  any 
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collision,  the  ability  to  open  a door  is  of  primary  importance.  In  vehi- 
cle rollovers,  roof  crush  resistance  may  also  allow  egress  through  wind- 
shield or  side  window  openings. 

Limitation  of  occupant  movement  may  occur  as  a result  of  intru- 
sion and/or  deformation  of  vehicle  components.  Principal  interior  com- 
ponents which,  when  deformed,  may  be  associated  with  hindering  the  occu- 
pant movement  are  the  steering  column  assembly  and  seats. 

The  CPIR3  data,  the  only  definitive  source  of  information  on 
this  subject,  codes  whether  extrication  procedures  were  necessary  to  free 
any  occupant  in  the  car,  but  does  not  indicate  if  it  was  necessary  for 
each  occupant  in  the  car.  Of  all  the  passenger  car  fatalities  in  the  file, 
48  percent  were  in  cars  from  which  extrication  was  necessary.  Of  all  the 
injured  passenger  car  occupants  only  seven  percent  required  extrication. 

To  emphasize  the  coding  distinction,  some  of  these  injured  occupants  may 
have  exited  on  their  own  and  extrication  may  have  been  needed  for  some- 
one else  in  the  car.  It  is  not  known  to  what  degree  these  fatal  and  non- 
fatal  injuries  are  attributable  to  either  not  being  able  to  exit  the 
vehicle  or  to  the  extrication  process  — these  are  the  numbers  that  are 
really  of  interest.  Probably  the  combined  number  is  only  a small  frac- 
tion of  the  percentages  above. 

A research  study  to  assess  the  importance  of  various  vehicle  and 
occupant  factors  on  "ideal"  (simulated  accident)  time  of  egress  was  per- 
formed by  Purswell,  et  al  (55).  The  study,  using  five  vehicles  and  120 
volunteers,  revealed  two  areas  of  vehicle  design  significant  to  RSV 
development  that  may  influence  the  "escape  worthiness"  of  a vehicle: 
Interior  maneuverability  room  (not  necessarily  interior 
volume) , 

Standardization  and  ease  of  door  latch  operation  and 
location  among  vehicles. 

Two  of  the  subcompact  cars  used  in  the  study  yielded  quite  different 
escape  times  as  measured  by  controlled  occupant  groups,  but  had  essen- 
tially the  same  total  interior  volume. 

(55)  J.  L.  Purswell,  L.  Hoag,  and  R.  F.  Krenek,  "Post-Crash  Considerations: 
Escape  Worthiness  and  Flammability,"  17th  American  Association  for  Auto- 
motive Medicine  Conference,  Oklahoma  City,  Oklahoma,  1973. 
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A linear  regression  model  was  developed  in  the  aforementioned 
research  effort  to  correlate  the  "interior  maneuverability"  room  of  a 
vehicle  with  its  escape  worthiness  and  was  partially  validated  in  sub- 
sequent tests  (56). 

Design  changes  to  ensure  that  doors  can  be  opened  after  high 
speed  frontal  impacts  can  be  very  complex  and  expensive  (57) . Providing 
an  additional  opening  for  escape  such  as  flip-up  roof  panel,  pop-out 
rear  windows,  or  a removable  panel  in  the  floor  may  be  difficult  to 
justify  from  a benefit/cost  standpoint.  Also,  it  should  be  noted  that 
changes  to  improve  emergency  egress  tend  to  conflict  with  the  contain- 
ment factor.  Thus,  design  changes  to  improve  egress  must  not  deteriorate 
containment. 

Potential  design  changes  to  reduce  the  role  of  component  deforma- 
tion in  entrapment  include  use  of  fixed  seats  with  movable  pedals  and 
development  of  devices  to  move  the  steering  column  forward  during  impact. 
Limiting  intrusion  of  body  structural  components  during  impact  also  re- 
duces potential  entrapment. 

Benefits  of  changes  to  limit  interior  component  deformation  and 
body  component  intrusion  must  be  considered  with  the  cost  and  weight  of 
the  required  structural  and  package  modifications. 

Currently,  it  is  not  possible  to  define  what  constitutes  the 
maximum  allowable  intrusion  for  each  critical  area  of  the  passenger  com- 
partment . 

The  level  of  design  specifications  at  the  conclusion  of  the 
Ford  Phase  I RSV  Program  preclude  any  specific  consideration  of  post- 
crash rescue  design-oriented  features.  Prior  to  final  package  approval, 
the  design  should  be  evaluated  for  the  following  desirable  post-crash 
rescue  design-oriented  features: 

Adequate  interior  "maneuverability"  (including  steering 
column  orientation  and  size,  interior  volume  above  belt- 
line,  and  other  key  internal  dimensions). 


(56)  Purswell,  Op.  Cit. 

(5  7)  "Experimental  Safety  Vehicle  •^Family  Sedan,"  Final  Report  DOT-HS- 
800-689,  AIIF  Incorporated,  March  1972,  pp.  4-133. 

\ 
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. Accessibility  and  ease  of  manipulation  of  interior  door 
and  window  opening  mechanisms,  including  front  seat  back 
latches , 

, Sufficient  area  and  ”f rangibleness"  of  side  glazing  and 
backlite, 

. Adequacy  of  "load  shift"  prevention  provision  in  possi- 
ble station  wagon  and  "hatchback"  RSV  versions, 

. Ease  of  exterior  door  latch  operation, 

. Hinge  design  integrity. 

The  interior  "maneuverability"  room  of  the  RSV  design 
will  be  ranked  against  other  vehicles  by  means  of  the  regression  model 
developed  by  Purswell,  et  al  (58).  Similar  quantitative  scoring  and 
ranking  of  other  escape  worthiness-related  features  will  be  conducted  and 
the  designs  modified  where  practicable  to  increase  their  effectiveness. 

6.6.2  Fire 

Head-on  collision  of  single  vehicles  with  a fixed  object  account 
for  the  largest  number  of  deaths  associated  with  fires;  rollover  ranks 
second,  and  rear-end  collisions  are  third  (59).  Fires  can  be  classified 
by  the  area  of  origin  as  follows;  engine  compartment,  passenger  com- 
partment, and  fuel  tank  area. 

It  should  be  noted  that  fires  reported  as  originating  in  the 
engine  or  passenger  compartment  are  not  necessarily  associated  with  colli- 
sions prior  to  the  fire.  Fuel  tank  area  fires  usually  occur  as  a result 
of  fuel  leakage  from  crushed  or  split  fuel  tanks  after  vehicle  impact. 

An  unpublished  Ford  report  Fatalities  Associated  with  Crash  In- 
duced Fuel  Leakage  and  Fires  (60)  estimates  fatalities  due  to  automotive 


(58)  Purswell,  Op.  Cit. 

(59)  F.  M.  H.  Gregory,  "Investigative  Report  - Fire  and  Friction,"  Motor 
Trend  Magazine,  March  1974. 

(60)  "Fatalities  Associated  with  Crash  Induced  Fuel  Leakage  and  Fires," 
Report  No.  S-73-21  Advanced  Safety  Planning  Research  Office,  Ford  Motor 
Company,  1973;  Attachment  to  the  Ford  Response  to  Notice  2 of  Docket  70-20 
"Fuel  System  Integrity." 
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fires  at  600-700  per  year,  and  an  HSRI  report  Fire  in  Motor  Vehicle 
Accidents  (61)  estimates  the  number  at  450-650.  Because  of  the  low 
frequency  of  fire-induced  fatalities,  vehicle  design  changes  speci- 
fically aimed  at  preventing  vehicle  fires  beyond  those  required  for 
the  expanded  FMVSS  301  (Fuel  System  Integrity)  and  the  existing  FMVSS 
302  (Flammability  of  Interior  Materials)  are  not  envisoned  for  the 
design. 

6.6.3  Submersion 

Submersion  is  a special  circumstance  in  which  the  occupants 
are  trapped  under  water  in  a vehicle.  Present  automotive  sealing  tech- 
niques should  allow  sufficient  time  to  escape. 

There  is  considerable  variation  in  the  data  on  fatalities  due 
to  submergence  of  automotive  vehicles.  Sliepcevich  (67)  reports  that  "for 
a number  of  years  it  has  been  estimated  that  of  the  total  automotive 
vehicle  fatalities  occurring  yearly  in  the  United  States,  less  than  one 
percent,  i.e.,  less  than  400  persons  per  year,  die  due  to  vehicle  sub- 
mergence-type accidents."  He  does  not  give  the  source  of  this  estimate. 

In  another  part  of  his  study,  Sliepcevich  gives  his  own  estimate  as  "some 
750-1500." 

The  accident  data  files  maintained  by  HSRI  contain  data  on  sub- 
mergence collected  by  the  Washington  State  Patrol  in  the  Seattle  area 
during  1970-1973.  These  data  show  that  approximately  .3  percent  of  the 
total  fatalities  in  the  data  base  result  from  drowning  in  a submerged 
vehicle.  This  percentage  extrapolates  nationwide  to  about  200  fatalities 
per  year.  One  might  consider  this  to  be  somewhat  of  an  upper  limit  since 
the  Seattle  area  has  an  abundance  of  natural  waterways. 


(61)  Peter  Cooley,  "Fire  in  Motor  Vehicle  Accidents,"  UM-HSRI-SA-74-3, 
Highway  Safety  Research  Institute,  University  of  Michigan,  April  1974, 

p.  68. 

(62)  C.  M.  Sliepcevich,  et  al,  "Escape  Worthiness  of  Vehicles  and  Occu- 
pant Survival,  Part  1:  Research  Program,"  Oklahoma  University  Research 

Institute,  December  1970. 
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6 . 7 Non-Safety  Systems 

In  accord  with  RSV  Performance  Specification  Requirements, 
safety  performance  has  been  given  primary  emphasis.  Vehicle  performance 
which  is  not  safety  related,  however,  must  be  "commensurate  with  the 
anticipated  state-of-art  capabilities  for  the  time  frame  of  interest" 

(63).  The  state-of-art  capabilities  are  reflected  in  the  general  level 
of  performance  of  vehicles  in  a comparable  size/weight  class.  Where 
specific  objective  measurements  of  vehicle  non-safety  related  performance 
are  not  possible,  it  is  intended  that  the  RSV  be  evaluated  on  a subjec- 
tive basis  relative  to  the  image  vehicle,  using  experts  and  automotive 
industry  rating  procedures.  The  image  vehicle  for  the  RSV  is  in  the 
Pinto-to-Maverick  category. 

6.7.1  Interior  Package 

Tentative  dimensions  for  the  occupant  compartment  of  the  RSV 
are  shown  in  Table  43,  in  comparison  with  the  image  vehicle  range.  Final 
precise  specification  of  these  dimensions  must  await  design  development 
in  Phase  II  of  the  RSV  program.  Dimension  designations  are  those  described 
in  SAE  JllOO  "Passenger  Car  Dimension  Definitions,"  dated  September  1973. 

Vehicle  Seating  Accommodation.  Front  and  rear  seat  comfort 
levels  must  be  comparable  to  those  of  the  image  vehicle  on  a subjective 
basis.  A seat  track  travel  adjustment  of  five  inches  will  be  provided  and 
the  method  of  adjustment  is  to  be  comparable  to  that  of  the  image  vehicle. 
The  seating  reference  point,  or  design  rear-most  H-point,  will  be  identi- 
fied by  the  two-dimensional  drafting  template  with  95th  percentile  leg 
lengths,  as  shown  in  Figure  81  and  as  described  in  SAE  J826b,  "Devices 
for  Use  and  Defining  and  Measuring  Vehicle  Seating  Accommodation," 
dated  January  1974. 

Reach  to  Controls.  The  procedure  described  in  the  draft  ISO/SAE 
proposal:  "Driver  Hand  Control  Reach,"  ISO/TC22/SC13/ (Seer . 50)  227 , 

dated  November  1974,  will  be  used  to  locate  the  primary  hand  controls 
listed  in  FMVSS  101,  if  possible.  These  controls  should  be  within 

(63)  Quotation  from  RSV  Contract  Task  Descriptions  - Section  3.2.2 
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Table  43 


Interior  Compartment  Measurements 


Tentative 

SAE 

RSV 

1974 

1974 

Location 

Designation 

Dimension 

Pinto 

Maverick 

Front  Compartment: 

Maximum  Effective  Leg 
Room 

L34 

40.7 

40.8 

40.7 

Effective  Head  Room 

H61 

37.3 

37.3 

37.8 

Vertical  H-Point  to 

H30 

8.6 

8.6 

Q 

Heel  Point 

Shoulder  Room 

W3 

— 

53.5 

55.0 

Hip  Room 

W5 

— 

51.8 

53.7 

Rear  Compartment : 

H-Point  Couple  Dis- 
tance 

L50 

30.5 

29.1 

32.7 

Effective  Leg  Room 

L51 

33.4 

30.7 

36.2 

Effective  Head  Room 

H63 

36.6 

36.2 

36.7 

Vertical  H-Point  to 
Heel  Point 

H31 

10.6 

8.8 

10.1 

Shoulder  Room 

W4 

— 

51.0 

55.1 

Hip  Room 

W6 

— 

41.6 

52.4 

Knee  Clearance 

L48 

1.0 

.2 

.7 

Usable  Luggage 
Capacity  (ft.^) 

VI 

8.5 

6.3 

10.1 
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Figure  81 


SAE  Two-Dimensional  Drafting  Template 


[Dimensions  are  in  inches  and  (iran)  ] 
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the  limiting  boundary  of  the  belt-restrained  reach  of  drivers.  The 
limiting  boundary,  illustrated  in  Figure  82 » represents  the  boundary 
beyond  which  at  least  95  percent  of  an  equal  mix  of  male  and  female 
drivers  can  reach  and  operate  a finger-grasped  control  when  seated  in 
a posture  equivalent  to  being  restrained  by  a non-extending  shoulder  and 
lap  belt  assembly.  The  reach  boundary  is  referenced  to  the  center  of 
the  control  knob  face  as  illustrated  in  Figure  83* 

Head  Clearance.  Head  positon  clearance  for  the  driver  and 
passengers  will  be  determined  in  accordance  with  SAE  Recommended  Practice, 
"Motor  Vehicle  Driver  and  Passenger  Head  Position,"  SAE  J1052.  This  will 
ensure  an  appropriate  definition  of  the  horizontal  vertical  and  lateral 
boundaries  of  the  95th  or  99th  percentile  tangent  cutoff  location  of 
driver  and  passenger  heads,  as  illustrated  in  Figure  84* 

A line  tangent  to  the  contours,  constructed  perpendicular  to 
the  point  of  interest  on  the  vehicle  structure,  will  describe  the  minimum 
head  clearance  available  to  at  least  "P"  percent  of  the  drivers. 

6.7.2  Controls  and  Displays 

The  location,  identification,  and  illumination  of  controls  neces 
sary  for  vehicle  operation,  including  controls  located  on  the  instrument 
panel,  will  meet  FMVSS  100,  101,  102,  113,  and  118  where  applicable  and 
will  be  comparable  to  the  image  vehicle. 

Instrument  Panel  Controls  and  Displays.  Where  possible,  human 
factors  principles  will  be  incorporated  in  the  design  of  controls  and 
displays  in  order  that  appropriate  levels  of  driver  recognition  can  be 
achieved.  In  particular,  the  following  considerations  should  be  met: 

1.  Visibility  and  Coding 

. Location  of  controls  and  displays  — will 
be  defined  by  the  method  described  in  the 
proposed  revision  to  SAE  XJ1050a,  "Describ- 
ing and  Measuring  Driver  Field  of  View," 
dated  October  1974. 

. Shape  of  controls  — will  be  governed  by 
general  human  factors  principles. 
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Figure  82 


Schetnatic  of  the  Hand  Reach  Envelope  in  the  Vehicle  Interior 


Figure  83 

Sketch  Illustrating  Grasping  Reach  to  Control  Knob 


This  diagram  represents  a three-finger  grasping  reach  to  a 
25  mm  (1  inch)  diameter  control  knob.  All  measurements  for 
the  hand  reach  envelope  are  referenced  to  the  center  of  the 
control  knob  face. 
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Figure  84 


Side  View  of  Driver  Head  Position  Contours 
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. Color  of  controls  and  displays  — the 
requirements  are  described  in  ISO  docu- 
ment ISO/TC22/SC13/(WGS-6)176,  dated 
December  1973. 

2.  Legibility  for  Positive  Identification 
. Symbols  are  described  in  ISO  document 
DIS  2575  Parts  1 and  2,  dated  October 
1974,  and  proposed  Part  3;  standard 
human  factors  criteria  will  be  applied 
to  numerals,  legends  and  words. 

Foot  Controls.  The  foot  pedal  designs  will  minimize  inadvertent 
simultaneous  movement  of  more  than  one  foot  pedal  by  the  same  foot,  the 
lateral  spacing  of  foot  controls  being  based  on  the  procedure  described 
in  the  draft  revision  to  ISO  document  DIS3409  "Lateral  Spacing  of  Foot 
Controls,"  dated  October  1974,  as  shown  in  Figure  85. 

Miscellaneous  Controls.  Operation,  location,  and  effort  charac- 
teristics of  miscellaneous  controls  such  as  parking  brake,  accelerator, 
transmission  shift  lever,  hood  release,  seat  track  lock,  door  latches  and 
locks,  and  window  regulars  will  be  comparable  to  the  image  vehicle,  as 
will  opening  and  closing  efforts  for  doors  and  hood. 

Warning  Devices.  The  vehicle  will  have  a horn  satisfying  the 
requirements  of  Federal  Regulations,  Title  49,  Part  393.  The  sound  level 
and  range  will  be  as  set  forth  in  Ford’s  1969  response  to  Docket  69-14, 
Notice  1.  The  horn  control  will  comply  to  FMVSS  101  for  operation  and  to 
FMVSS  107  for  reflecting  surfaces. 

If  the  vehicle  has  a speed  warning  system,  consideration  will 
be  given  to  the  Ford  response  to  Dockets  1-19  and  74-8  in  setting  the 
criteria  and  operational  modes  of  this  system. 
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Figure  85 


Lateral  Spacing  of  Foot  Controls 


’P’ 


The  spacing  of  foot  controls  is  described  in  the  plane 
which  is  a transverse  plane  perpendicular  to  the  line  from 
the  rearmost  design  H-point  to  a point  on  the  surface  of  the 
accelerator  pedal  200  mm  (8.0  inches)  from  the  Accelerator 
Heel  Point. 
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6.7  Vehicle  Performance 


Vehicle  acceleration  performance  objectives  are  based  on  the 
image  vehicle.  The  performance  test  will  be  conducted  at  3,300  pounds 
test  weight  — comprised  of  the  3,000  pound  RSV  curb  weight,  and  two 
passengers  (2  x 150  lbs).  The  targeted  values  for  acceleration  perfor- 
mance are  shown  in  Table  44. 

Table  44 

Vehicle  Acceleration  Performance 

1985  RSV 


0-10  Seconds  Distance  (Feet)  425 

. 0-60  niph  Time  (Seconds)  13.5 

. 25-60  mph  Time  (Seconds)  IQ.O 

. 50-80  roph  Time  (Seconds)  17.0 


Operating  Capabilities.  Fuel  economy  will  be  equivalent  to  the 
image  vehicle  when  tested  according  to  SAE  J1082.  Should  there  be  legis- 
lative requirements,  the  vehicle  fuel  economy  will  comply  with  the  mandated 
standard.  Sufficient  fuel  storage  capacity  will  be  provided  to  permit  the 
vehicle  to  cruise  at  55  mph  for  a distance  of  250  miles.  Cruising  range 
will  be  comparable  to  the  image  vehicle. 

At  elevations  up  to  3,000  feet  above  sea  level,  and  with  the 
standard  axle  ratio,  the  RSV  (at  performance  weight)  shall  be  able  to  ascend 
a 30  percent  grade  from  a dead  stop  in  both  forward  and  reverse  directions. 
Engine  operation  shall  not  be  affected  when  making  90  and  180  degree  turns  at 
maximum  lateral  acceleration  on  level  terrain.  The  vehicle  shall  be  capable 
of  starting  and  stable  operation  in  any  attitude  on  a 30  percent  grade.  The 
engine  shall  be  capable  of  stable  operation  in  ambient  temperatures  from 
-40°F  to  +125°F  and  under  severe  relative  humidity  conditions,  such  as  90  per- 
cent at  110°F  or  100  percent  at  35°F. 

Driveability.  Driveability  characteristics  of  the  RSV  must  meet  all 
specifications  shown  below  and  must  be  comparable  to  the  image  vehicle  in 
those  characteristics  where  evaluations  are  substituted  for  precise  specifica- 
i ions . 
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Cold  Starting.  The  following  starting  times  must  not  be 


exceeded : 


Temperature 

30°F  to  70°F 
10°F  to  29°F 
0°F 
-10“F 
-20°F 


Time  To  Run 

3 Seconds 

4 Seconds 

5 Seconds 
10  Seconds 
30  Seconds 


Cold  Driveaway.  Evaluate  for  idle  roughness  and  roll,  stall, 
stumble,  hesitation,  surge,  and  backfire/spitback. 

Choke  Come-Off.  After  .2  miles  of  driving  from  a cold  start, 
engine  idle  speed  (as  controlled  by  the  high  cam)  shall  not  exceed: 


Manual 

Transmission 

Automatic 

Transmission 


Engine 

Idle  (RPM) 

4-Cylinder 

6-Cylinder 

1400 

1200 

1200 

1000 

The  high  cam  fast  idle  speed  will  be  calibrated  to  satisfy  temperatures  of 
0°F  and  above.  Fast  idle  is  unacceptable  after  two  miles  of  driving  from 
a cold  start  at  temperatures  of  0°F  and  above.  The  choke  plate  must  be  in 
the  vertical  position  after  three  miles  of  driving  from  a cold  start  at 
temperatures  of  0°F  and  above.  The  choke  plate  must  remain  sufficiently 
open  to  prevent  any  loss  in  fuel  economy  when  the  vehicle  is  operating  at 
constant  speeds  of  30  mph  or  more  in  any  ambient. 

Choke  Come-On.  At  0°F,  the  choke  must  not  cause  fast  idle  on  re- 
starts within  30  minutes  of  shut-down.  Choke  come-on  must  not  occur  before 
the  engine  requires  choke  enrichment  for  starting  or  to  prevent  stumbles  on 
driveaway . 

Loading.  Following  an  initial  cold  start  and  a 30  second  idle  on 
the  top  step  of  the  fast  idle  cam,  the  engine  must  idle  for  five  minutes 
without  stalling  on  the  kickdown  step. 

Stabilized  Drive.  Evaluate  subjectively  the  following  stabilized 
drive  characteristics: 
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. Crowds  (Accelerations  in  high  gear,  maintaining 
a constant  manifold  vacuum) 

. Road  Loads 

. Acceleration  (Part  throttle  and  wide-open  throttle) 

. Tip-In  (Immediate  result  of  opening  the  throttle 
to  1/4  or  1/2  position  from  either  road  load  or 
closed  position) 

. Tip-In  After  Hot-Soak 

. Idle  (Normal,  after  highway,  after  hot-soak). 

Level  Road  Hot  Fuel  Handling.  To  determine  the  ability  of  the 
engine  to  handle,  a fuel  of  known  volatility  during  ambient  temperatures 
of  90° F or  above,  the  following  characteristics  will  be  determined: 

. Hot  Starting  Time  (The  engine  must  start  within  a 
cranking  time  of  three  seconds,  and  false  starts  or 
stalls  are  not  acceptable) . 

. Idle  Quality  (Evaluation) . 

. Full-Throttle  Acceleration  (Acceleration  depreciation 
shall  not  be  more  than  60  percent  for  15-60  mph,  or 
more  than  90  percent  for  15-80  mph  (15-70  mph  for 
vehicles  with  maximum  speeds  less  than  90  mph) . Spit- 
backs  or  backfires  are  not  acceptable  on  acceleration. 
Light-to-moderate  surging  is  acceptable.  Acceleration 
depreciation  is  relative  to  the  initial  acceleration, 
made  with  a fuel  of  the  appropriate  seasonal  grade  for 
the  ambient  temperature  range) . 

Driveaway  or  Traffic  Stops  (Spitbacks,  backfires,  stalls 
and  stumbles  are  not  acceptable  on  driveaway  or  pull- 
away  from  a traffic  stop.  Light  hesitations  are  accept- 
able) . 
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Altitude  Fuel  Handling.  When  calibrated  for  sea  level  operation^, 
the  engine  shall  be  capable  of  stable  operation  at  any  elevation  up  to 
14,000  feet  above  sea  level.  The  following  characteristics  shall  be  evalu- 
ated at  an  altitude  of  2,000  feet  or  greater,  with  fuel  and  ambient  temper- 
atures similar  to  the  level  road  hot  fuel  handling  test. 

. Grade  Operation  (The  engine  must  function  smoothly, 
without  hesitation  on  grades.  Slight  intermittent 
surging  is  permissible  on  curves  and  switchbacks, 
providing  good  recovery  occurs.  The  vehicle  must  be 
capable  of  negotiating  grades  in  a safe  manner,  with- 
out interrupting  normal  traffic). 

Idle  Quality  (Evaluation) . 

Start  (The  start  after  soak  must  be  accomplished  with 
a maximum  cranking  time  of  four  seconds  in  one  attempt, 
or  a total  of  five  seconds  in  two  attempts). 

. Driveaway  (On  initial  acceleration,  after  soak,  two 

slight  hesitations  are  acceptable,  providing  conditions 
clear  on  succeeding  driveaways.  Stalls,  backfires,  and 
spitbacks  are  not  acceptable.  After  soak,  a slight 
surge  is  acceptable,  if  good  recovery  occurs). 

Engine  Cooling.  The  engine  cooling  system  will  have  a minimum 
125°F  ATB  (air  temperature  to  boil)  when  tested  at  30  mph  on  a seven  percent 
grade  and  at  90  mph  road  load.  Maximum  engine  coolant  temperature  rise  over 
ambient  must  not  exceed  134°F  in  30  minutes  at  idle,  after  stabilization  at 
90  mph.  The  engine  oil  temperature  measured  at  the  sump  may  not  exceed  325“F 
during  any  of  these  tests.  Air  conditioned  vehicles  must  meet  these  require- 
ments with  air  conditioning  controls  set  for  maximum  cooling. 

Exhaust  Systems.  The  engine  fuel  and  exhaust  systems  shall  meet 
all  Federal  requirements  for  control  of  emissions  for  the  appropriate  time 
period.  RSV  testing  for  exhaust  emissions  will  be  conducted  on  a single 
vehicle.  No  emissions  durability  tests  will  be  conducted. 
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6.7.4  Other  Considerations 


Vehicle  Noise.  It  is  recognized  that  some  states  have  exterior 
vehicle  noise  level  requirements  and  that  the  EPA  may  propose  national 
standards  by  1979.  Since  no  EPA  specifications  or  timetable  for  introduc- 
tion are  known  at  this  time,  the  exterior  noise  level  limits  of  the  Phase  I 
RSV  will  be  80  dbA,  tested  in  accordance  with  SAE  Procedure  J986a.  This 
level  meets  all  state  requirements  currently  in  effect. 

Vehicle  Ride.  RSV  ride  quality  will  be  evaluated  subjectively 
on  the  basis  of  comparative  performance  with  production  vehicles  on  both 
boulevard  and  rough  road  surfaces. 

Noise,  Vibration  and  Harshness.  These  terms  are  generally  re- 
ferred to  as  NVH  characteristics  of  a vehicle  and  are  the  phenomena  per- 
ceived by  the  driver  and/or  occupants  of  the  vehicle.  Because  of  the  dif- 
ficulty in  determining  acceptable  absolute  levels  of  noise,  vibration  and 
harshness,  evaluation  of  those  aspects  of  vehicle  acceptability  will  be 
subjective.  Wind  noise,  interior  noise,  and  shake,  vibration,  and  harsh- 
ness levels  will  compare  favorably  with  the  image  vehicle. 

Vehicle  Assembly  and  Service.  The  vehicle  must  be  designed  for 
ease  of  assembly,  without  deviation  from  design  intent,  and  by  means  of 
typical  assembly  plant  processing  techniques  for  the  time  period  of  interest. 

Adequate  and  readily  accessible  means  shall  be  provided  for  the 
periodic  checking  and/or  replenishing  of  all  fluid  levels. 

All  except  anti-theft  components  are  to  be  readily  accessible  for 
removal,  replacement,  servicing,  or  adjustment,  with  a minimum  of  distur- 
bance to  surrounding  components,  and  with  the  use  of  normal  service  equip- 
ment and  tools.  All  electrical  and  vacuum  lines  will  be  functionally  color- 
coded  to  minimize  the  possibility  of  misconnection  in  production  and/or 
service. 

Vehicle  Transportation,  Lifting,  and  Towing.  The  design  must  pro- 
vide for  convenient  loading,  transportation,  and  unloading  on  conveyances 
used  for  automotive  transportation  purposes  without  damage  to  any  system 
of  the  RSV. 

The  vehicle  must  be  capable  of  being  raised  on  either  a frame  con- 
tact or  twin-post  hoist,  when  loaded  to  gross  vehicle  weight  (curb  weight 
plus  popular  optional  equipment  weight,  plus  maximum  passenger  load,  plus 
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luggase  weight),  with  no  underbody  or  sheet  metal  damage.  There  must  not 
be  excessive  windshield  or  backlite  opening  deflection  which  might  allow 
the  glass  to  fracture  or  to  pop-out  of  the  weatherstrip. 

With  a load  of  150  pounds  in  the  luggage  compartment , the  vehicle 
must  be  capable  of  being  raised  at  the  front  or  rear  and  towed  with  a 
wrecker  without  damage  to  the  bumper  or  sheet  metal,  and  without  exceeding 
the  bumper- to-sheet  metal  clearance  or  causing  a permanent  set  in  the  bumper 
assembly  in  excess  of  .125  inch.  There  must  be  no  detrimental  effect  to  any 
vehicle  system  and  no  visible  damage  to,  or  permanent  set  in,  body  metal  or 
ornamentation. 

The  vehicle  will  be  designed  to  minimize  the  possibility  of  dam- 
age to  any  of  its  systems  when  being  washed  and/or  handled  by  normally  avail- 
able commercial  car  wash  equipment.  (Examples  of  systems  particularly  prone 
to  such  damage  are  license  plate  and  mounting,  radio  antenna,  interior  and 
exterior  mouldings,  ornamentation,  side  view  mirrors  and  bumpers.) 

Vehicle  Durability.  All  vehicle  systems  and  components  must  meet 
normal  automotive  durability  and  reliability  requirements. 
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APPENDICES 

A — Vehicle  Simulation  Experiment  Designs,  Response  Data,  and  Regres- 
sion Coefficients 

B — Supplement  to  "Comments  of  Ford  Motor  Company  on  'Analysis  of 
Effects  of  Proposed  Changes  to  Passenger  Car  Requirements  of 
MVSS  208'" 

C — Data  Processing  and  Computational  Programs 

D — The  Need  for  Additional  Rollover  Accident  and  Handling  Research 
and  a Recommended  Program 

E — Braking  Performance 

F — Ford  Research  on  Field  of  View 

G — Headlight  Evaluation  Model 
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APPENDIX  A 


VEHICLE  SIMULATION  EXPERIMENT  DESIGNS, 
RESPONSE  DATA,  AND  REGRESSION  COEFFICIENTS 


Table  A-1 


Experiment  Design  Matrix  Used  For  Front- to  Front 
And  Front-to-Slde  (RSV  in  Front)  Collision  Simulations 


Run 

X(l) 

x(2) 

x(3) 

x(4) 

x(5) 

X(6) 

X(7) 

X(8) 

X(9) 

1 

• 1 • 0 

-1.0 

-1.  c 

-1.0 

-3.0 

-3.0 

-3.  0 

0 

• 

1 

-1.0 

2 

1.  0 

-1.0 

-1.  c 

-1.0 

-3.0 

3.  C 

-3.0 

1 .0 

0. 

3 

-1.  0 

-1.0 

-1.  c 

-1.0 

-3.0 

3.0 

3.0 

-1.0 

l.b 

4 

1.  0 

-1.0 

-1.  c 

0 

• 

1 

-3.0 

-3.0 

3.  0 

0 . 

-1.0 

5 

-1.  c 

-1.0 

-1.  L 

-1.0 

3.0 

-3.0 

3.  0 

0 . 

1.0 

6 

1.  0 

-1.0 

-1.  c 

-1.0 

3.0 

3.0 

-3.  0 

Q . 

1.0 

7 

-1.  0 

-1.0 

-1 . : 

1.0 

-1.0 

-3.0 

-1.0 

1 .C 

-1.0 

8 

1.  0 

-1.  0 

-1.  G 

1.0 

3.0 

3.  C 

-3.0 

-l.C 

-1.0 

9 

-1.  0 

-1.0 

-1.  0 

1.0 

-3.0 

l.C 

-3.0 

1 .c 

l.C 

10 

1.  0 

-1.0 

-1.  c 

1.0 

-3.0 

-3.0 

-3.  0 

-1  .0 

-1.0 

11 

-1.0 

-1.0 

-1.  c 

1.0 

-3.3 

-3.0 

3.0 

-1  .0 

-l.C 

12 

1.  0 

-1.0 

-1.  0 

1.0 

-3.  3 

-3.0 

3.0 

-l.C 

l.C 

13 

-1.  0 

-1.0 

0. 

0. 

-3.0 

3.0 

-3.  0 

c . 

-l.C 

14 

1.  c 

-1.0 

G. 

0 . 

3.0 

-l.C 

-3.0 

-1  .0 

1.0 

15 

-1.  0 

-1.0 

0. 

0. 

-3.0 

3.0 

3.  0 

0 . 

l.C 

16 

1.  0 

-1.0 

0. 

w • 

-3.0 

3.0 

3.0 

1 .0 

-1.0 

Legend : 


X(l)  = an  indicator  variable,  being  +1  for  a hydraulic  foreframe  and  -1 
for  a non-hydraulic  foreframe 
X(2)  = (foreframe  force  - 37) /17 
X(3)  = (aftframe  force  - 45) /20 
X(4)  = (sheetmetal  force  - 7.5)/4.5 
X(5)  = (weight  of  impacted  vehicle  - 3500) /500 
X(6)  = (speed  of  RSV  - 35) /5 
X(7)  = (speed  of  other  vehicle  - 35) /5 
X(8)  = (non-hydraulic  foreframe  stiffness  - 13.5)/6.5 
and  (aftframe  stiffness  - 85) /25 

and  (sheetmetal  stiffness  - 3) 

X(9)  = (non-hydrauLic foreframe  crush  length  - 35.5)/7.5 
and  (hydraulic  foreframe  crush  length  - 19) /A 

and  (aftframe  crush  length  - 6.5)/1.5 

and  (sheetmetal  crush  length  - 44)/9. 
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Table  A-1  (Continued) 


1 


Run 

X(l) 

x(2) 

x(3) 

x(4) 

x(5) 

X(6) 

X(7) 

X(8) 

X(9) 

17 

-1.0 

-1.0 

0 . 

0. 

1.  0 

3.  0 

3.0 

-1.0 

-1.0 

18 

1.  0 

-1.  0 

0. 

0 . 

-1.0 

-3.0 

-1.0 

1.0 

l.C 

19 

-1.  0 

-1.0 

1.  c 

-1.  3 

-3.  0 

-3.  0 

3.0 

-1 .0 

-l.C 

20 

1.  0 

-1.0 

1.  c 

-l.G 

3.  0 

3.0 

-1.  C 

-l.C 

0. 

21 

-1.  0 

-1.  0 

1.  0 

-1.0 

-3.0 

-1.0 

-3.0 

-1.0 

1.0 

22 

1.  0 

-1.0 

1.  c 

-1.0 

-3.  0 

3.0 

-3.0 

1.0 

-1.0 

23 

-1.  0 

-1.0 

1 • c 

-i.e 

3.0 

3.0 

3.0 

l.C 

1.  0 

24 

1.  0 

-1.0 

1.  c 

-1.0 

3.0 

-3.0 

3.0 

1.0 

l.C 

25 

-1.  c 

-1.  0 

1.  c 

l.Q 

3.  0 

3.0 

-1.0 

1 .0 

-1.0 

26 

1.  0 

-1.0 

1.  £ 

1.0 

3.0 

-3.0 

-3.0 

l.Q 

l.C 

27 

-1.  0 

-1.0 

1.  c 

1.0 

3.0 

-3.0 

3.0 

-1.0 

1.0 

28 

1.  0 

-1.0 

1.  c 

1.0 

3.  0 

- 3,  0 

3.0 

-1  .0 

-l.C 

29 

-1.0 

-1.0 

1.  c 

1.0 

-1.0 

3.0 

-3.0 

-l.C 

0. 

30 

1.  0 

-1.3 

1 . G 

1.0 

3.  0 

3.  0 

3.0 

-1  .0 

l.C 

31 

-1.  0 

0. 

-1.  c 

0. 

-1.0 

3.0 

-3.0 

-1.0 

0. 

32 

1.0 

0. 

-1.  0 

0. 

3.0 

-3.  0 

3.0 

1.0 

-l.£l 

33 

-1.0 

0. 

-1.  c 

0. 

3.0 

5.  0 

3.0 

1 .0 

0. 

34 

1.  c 

0. 

-1.  c 

Q. 

3.0 

-3.0 

-3.0 

-1.0 

1.0 

35 

-1.  0 

0. 

-1.  c 

0. 

3.0 

1.  3 

3.0 

-1.0 

-1.0 

36 

1.  0 

0. 

-1.  0 

0. 

-1.0 

3.  0 

3.0 

l.C 

1.0 

37 

-1.  0 

0. 

0. 

-1.0 

-3.0 

-1.0 

3.0 

l.C 

0. 

38 

1.0 

0. 

0. 

-1.0 

3.0 

-3.  0 

-3.0 

1.0 

-l.C 

39 

-1.  0 

0. 

0. 

-1.0 

3.0 

3.  0 

-3.  0 

-1.0 

1.0 

40 

1.0 

0. 

0. 

-1.0 

3.0 

3.0 

3.0 

1.0 

-1.0 

41 

-1.  0 

0. 

0. 

-1.0 

-3.  0 

-3.0 

-3.  0 

1.0 

l.G 

42 

1.  0 

0. 

0. 

-1.0 

-3.0 

3.0 

3.0 

-1.0 

-l.C 

43 

-1.  0 

0. 

0. 

c. 

-1.0 

-3.0 

3.0 

-1.0 

1.0 

44 

1.  0 

0. 

0. 

0. 

-3.0 

-3.0 

3.0 

-1.0 

l.C 

4 5 

-1.  c 

0. 

0. 

0. 

3.0 

3.0 

-3.0 

1.0 

1.0 

46 

1.  0 

0. 

0. 

0. 

3.  0 

-3.0 

1.0 

-1.0 

-1.0 

47 

-1.  0 

0. 

0. 

0. 

3.0 

-1.0 

-1.0 

s . 

0. 

48 

1.  0 

0. 

0. 

0. 

-3.0 

-3.0 

- 3 . 0 

1.0 

-1.0 

49 

-1.0 

0. 

0. 

1.0 

3.0 

-3.  0 

-3.0 

0 . 

-1.0 

50 

1.  0 

0. 

0. 

1.0 

-3.0 

3.0 

-3.0 

1.0 

-1.0 

51 

-1.  0 

0. 

0. 

1.0 

3.0 

-3.0 

3.0 

1.0 

1.0 

52 

1.  0 

0. 

0 . 

1.0 

-3.  0 

3.  0 

1.0 

-1  .0 

-l.C 

53 

-1.  0 

0. 

0. 

1.0 

3.0 

3.0 

-1.0 

-1.0 

1.0 

A-2 


Run 

54 

55 

56 

57 

56 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 


C3  O O 


Table  A-1  (Continued) 


X(l)  X(2)  X(3) 


0. 

1.  0 

1.  c 


-1.  0 

0. 

1.  c 

1.  0 

0. 

1.  c 

-1.0 

0. 

1 . c 

1.  0 

0. 

1.  c 

-1.0 

1.0 

-1.  c 

1.  0 

1.0 

-1 . G 

-1.  c 

1.0 

-1  . c 

1.  0 

1.0 

-1  . c 

-1.  0 

1.0 

-1.  G 

1.  c 

1.0 

-1.  c 

-1.  0 

1.3 

-1.  r 

1.  0 

1.0 

*1  • L 

-1.  0 

1.0 

-1 . c 

1.  0 

1.0 

-1 . c 

-1.  0 

1.0 

-1  . 0 

1.  0 

1.0 

-1.  c 

-1.  0 

1.0 

0 . 

1.  0 

1.0 

0 . 

-1.  0 

1.0 

0. 

1.  c 

1.0 

c. 

- 1.  0 

1.0 

0. 

1.  c 

1.0 

0. 

-1.  0 

1.  0 

1.  c 

1.  0 

1.0 

1.  c 

-1.  c 

1.0 

1 . : 

1.  0 

1.0 

1.  c 

-1.  0 

1.0 

1.  c 

1.  0 

1.0 

1.  c 

-1.  0 

1.  0 

1.  c 

1.  0 

1.0 

1.  0 

-1.  0 

1.3 

1 . : 

1.  0 

1.0 

1.  c 

-1.  c 

1.0 

1 . L 

1.0 

1.0 

1.  c 

X(A) 

x(5) 

X(6) 

1.0 

3.0 

3.  0 

0. 

-3.0 

-3.0 

0. 

1.0 

1.0 

0. 

3.0 

- 3.  C 

0. 

3.0 

3 . i< 

0. 

-3.0 

-3.0 

0 . 

-3.0 

-3.0 

-1.0 

3.  0 

3.  G 

-1.0 

3.  0 

-3.0 

-1.0 

3.0 

3.  0 

-1.  0 

3.3 

3.0 

-1.0 

-3.0 

-3.0 

-1.0 

-3.0 

3.  0 

1.  0 

3.  0 

-3.0 

1.0 

3.0 

3.  0 

1,0 

-3.0 

-1.0 

1.0 

3.  0 

- 3.  0 

1.0 

-3.0 

3.  C 

1.0 

-3.0 

-1.0 

u . 

-3.0 

1.  3 

0 • 

3.0 

3.0 

0. 

1.0 

1.  0 

0. 

-3.0 

3.  3 

0. 

3.0 

-3.0 

G. 

-1.  0 

3.  0 

-1.0 

-3.  0 

3.  0 

-1.0 

-3.0 

-3.0 

-1.0 

3.  0 

-3.0 

-1.0 

-1.0 

-3.0 

-1.0 

3.  0 

3.0 

-1.0 

3.0 

-3.0 

1.0 

-3.0 

-3.0 

1.0 

-3.  0 

3.0 

1.0 

-3.0 

3.  0 

1.0 

-1.0 

-1.0 

1.0 

3.  0 

3.  0 

1.0 

3.0 

-3.0 

X(7) 

X(8) 

X(9) 

3.0 

1 .0 

0. 

3. 0 

1.0 

-1.0 

1.3 

D . 

1.0 

-3.0 

1 .0 

-1.0 

-3.0 

-1  .C 

-l.C 

-1.0 

-1  .0 

1.0 

-3.0 

c . 

l.Q 

-3.0 

1 .0 

-l.G 

-3.0 

1 .0 

1.0 

1.0 

1 .0 

1.0 

3,0 

-1  . 0 

-l.C 

3.0 

-1  .0 

-l.G 

-3.0 

-1  .0 

l.Q 

-3.0 

-1  .0 

-l.C 

3.0 

-1  .0 

l.C 

-3.0 

u . 

l.G 

-3.0 

1 .0 

-l.C 

3.0 

1.0 

-l.C 

3.0 

1 .0 

1.0 

-3.0 

-1  .0 

-l.C 

-3.0 

-1  . c 

-1.0 

3.0 

-1  .0 

l.C 

3.0 

-1.0 

0. 

3. 0 

1.0 

-l.C 

-3.0 

1 .0 

l.C 

1. 0 

1.0 

-1.0 

3.0 

1.0 

l.G 

-3.  0 

0 . 

l.C 

-1.0 

-1  .0 

-1.0 

3.0 

-1.0 

-1.0 

3.0 

-1.0 

l.Q 

-3.0 

1 .0 

0. 

-3.0 

-1  .0 

l.G 

3.0 

1.0 

l.C 

3.0 

1 .c 

-1.0 

3.0 

-1 .0 

-l.C 

-3.0 

-1  .0 

1.0 
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Table  A-2 


Experiment  Design  Matrix  Used  For  Front-to-Rear 
And  Front- to- Barrier  Collision  Simulations 


Run  X(l)  X(2) 

1 -l.C  -1.3 

2 1.0  -1.0 

3 -1.0  -1.0 

4 1.0  -1.0 

5 -l.C  -1.0 

6 1.0  -1.0 

7 -1.0  -1.0 

8 1.0  -1.0 

9 -1.0  -1.0 

10  l.Q  -1.0 

11  -1.0  -1.0 

12  1.0  -1.0 

13  -l.C  -1.0 

14  1.0  -1.0 

15  -1.0  -1.0 

16  l.C  -1.0 

17  -1.0  -1.0 

18  1.0  -1.0 


Legend : 


X(3)  X(4)  X(S) 

-l.C  -1.0  -3.0 

-l.C  -1.0  1.0 

-l.C  -1.0  -3.0 

-l.C  -1.0  3.0 

-l.C  1.0  -1.0 

-l.G  1.0  3.0 

-1.0  1.0  -3.0 

-l.C  1.0  -3.0 

0 . 0 . 3.0 

0 . 0 . 3.0 

0 . 0 . 3.0 

0.  0.  — 3.0 

1. Q  -1.0  -3.0 

l.l  -1.0  3.0 

l.Q  -1.0  3.0 

l.Q  -1.0  -3.0 

l.C  1.0  -3.0 

l.C  1.0  -3.0 


X(6) 

X(7) 

x(8) 

3.0 

-1.0 

1.0 

3.0 

-1.0 

-1.0 

3.0 

1.0 

-1.0 

-3.  0 

0. 

1.0 

-3.0 

1.0 

1.0 

-3.0 

-1.0 

-1.0 

3.0 

-1.0 

-l.Q 

3.  0 

0. 

1.0 

-3.0 

1.0 

-1.0 

3.0 

1.0 

-1.0 

3.0 

-1.0 

-1  .0 

-1.0 

-1.0 

1.0 

-3.0 

-1.0 

-1  .0 

-3.0 

l.C 

—1  . 0 

3.  C 

1.0 

1.0 

3.0 

1.0 

1 .0 

-3.  0 

1.0 

-1  .0 

3.0 

-1.0 

-1.0 

X(l)  = and  indicator  variable,  being  +1  for  a hydraulic  foreframe  and 
for  a non-hydraulic  foreframe 
X(2)  = (foreframe  force  - 37) /17 
X(3)  = (aftframe  force  - 45) /20 
X(4)  = (sheetmetal  force  - 7.5)/4.5 
X(5)  = (weight  of  impacted  vehicle  - 3500) /500 
X(6)  = (speed  of  RSV  - 35)/5 

X(7)  = (non-hydraulic  foreframe  stiffness  - 13.5)/6.5 
and  (aftframe  stiffness  - 85) /25 

and  (sheetmetal  stiffness  - 3) 

X(8)  = (non-hydraulic  foreframe  crush  length  - 35.5)/7.5 
and  (hydraulic  foreframe  crush  length  - 19) /4 
and  (aftframe  crush  length  - 6. 5) /I. 5 
and  (sheetmetal  crush  length  - 44) /9. 
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Run 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 


Table  A-2  (Continued) 


X(1) 

X(2) 

x(3) 

x(4) 

0 

• 

1 

-1.0 

1.  0 

1.0 

l.C 

-1.0 

1.  c 

1.0 

-1.  0 

0. 

-1.  c 

0. 

1.  0 

0. 

-1.  0 

0. 

-1.  0 

0. 

-1.  c 

Q. 

1.  0 

0. 

-1.  0 

0. 

-1.  0 

0. 

0. 

-1.0 

1.  0 

0. 

0. 

-1.  0 

-1.  0 

0. 

0 . 

-1.0 

1.  0 

0. 

0. 

-1.0 

-1.  0 

0. 

0. 

G. 

1.  c 

0 . 

0. 

-1.  0 

0. 

0. 

G. 

1.  c 

0. 

0. 

0. 

-1.  0 

0. 

0. 

1.0 

1.  0 

0. 

0 . 

1.0 

-1.  0 

0. 

0. 

1.0 

1.  0 

0. 

0. 

1.0 

-1.  0 

0. 

1.  0 

0. 

1.  0 

0. 

l.C 

0. 

-1.  0 

0. 

1.  D 

0. 

1.  0 

0. 

1.  c 

0. 

-1.  0 

l.G 

-1.  c 

-1.0 

1.  0 

1.0 

-1.  c 

-1.0 

-1.  c 

1.0 

-1.  c 

-1.0 

1.  0 

1.0 

-1.  c 

-1.0 

-1.  0 

1.0 

-1.  c 

1.  0 

1.  0 

1.0 

-1.  c 

1.0 

-1.  0 

1.0 

-1.  c 

1.0 

1.  0 

1.0 

-1.  c 

1.0 

-1.  0 

1.0 

0. 

0. 

1.  0 

1.0 

0. 

0. 

-1.  0 

1.0 

0. 

Q. 

1.  c 

1.0 

0. 

c. 

-1.  0 

1.0 

1.  0 

-1.0 

1.  0 

1.0 

l.C 

-1.0 

-1.  0 

1.0 

1.  c 

-1.0 

1.0 

1.0 

1 . c 

-1.  0 

-1,  0 

1.0 

1.  c 

1.0 

1.  0 

1.0 

1. : 

l.C 

-1.  0 

1.0 

1.  c 

1.  0 

1.  0 

1.0 

1.  c 

1.0 

x(5) 

X(6) 

X(7) 

x(8) 

3.  0 

-3.0 

1 

m 

O 

0 . 

3.0 

3.0 

-1.0 

1.0 

3.  0 

-3.0 

-1.0 

0 . 

3.0 

3.  0 

-1.0 

0 . 

3.0 

-3.0 

-l.C 

1 

• 

CD 

3.  0 

3.0 

1.0 

1.0 

3.0 

-3.0 

-1.0 

1.0 

3.  3 

3.  0 

1.0 

-1  .0 

1.0 

-3.0 

l.G 

-1.0 

3.0 

1.0 

-1.0 

1.0 

3.  0 

-3.0 

0 . 

1.0 

3.  0 

-3.0 

-1.0 

-1.0 

1.0 

-1.0 

0. 

0 . 

3.  0 

-3.0 

1.0 

0 . 

3.  0 

3.0 

1.0 

1.0 

3.0 

1.0 

0 . 

-1.0 

3.  0 

3.  0 

-1.0 

1 .0 

3.  0 

-3.0 

1.0 

c . 

3.  0 

3.0 

1 .0 

0 

• 

1 

3.0 

-3.0 

-1.0 

-1  .0 

3.0 

-1.0 

-1.0 

1.0 

1.0 

-3.0 

0. 

1.0 

3.0 

1.0 

1.0 

1.0 

3.0 

-3.0 

0. 

-1.0 

3.0 

3.0 

-1.0 

-1.0 

1.  0 

- 3,0 

-1.0 

1.0 

3.0 

-3.0 

0. 

1 .0 

3.0 

-3.  0 

1 .0 

-1  .0 

3.0 

3.0 

1.0 

-1.0 

3.  0 

3.0 

-1.0 

-1  .0 

1.0 

3.0 

0 

• 

1 

1 .0 

3.0 

3.  0 

0. 

G . 

3.0 

-3.0 

1 

. 

o 

-1  .0 

3.  0 

-3.0 

1.0 

1 .0 

3.3 

-3.0 

1.0 

1.0 

3.0 

-1.0 

-1  .0 

-1  .0 

3.0 

3.0 

1.0 

-1.0 

3.0 

3.0 

-l.C 

1.0 

3.  0 

1.  0 

1.0 

1 .0 

1.0 

3.0 

1 .0 

-1.0 

3.  0 

3.  0 

-l.G 

-1  .0 

3.0 

-3.0 

-1.0 

1 .0 
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Table  A~3 


Experiment  Design  Matrix  Used  For  Front-to-Side 
(RSV  in  Side)  Collision  Simulations 


Run 

X(l) 

X(2) 

X(3) 

1 

-3.0 

-1.0 

-1.0 

O 

C 

-1.0 

-l.C 

-1.  G 

3 

1.0 

-1 . 0 

-1.0 

u 

3.0 

-1.0 

-1.0 

5 

-3  .C 

0 . 

-1.0 

6 

-1.0 

0 . 

-1  . 0 

7 

1 .0 

G . 

— 1 • J 

H 

3.0 

0 . 

-1 . 0 

9 

-3.0 

1.0 

-1 . u 

10 

-1.0 

1 . 0 

-1.0 

11 

1 .C 

1.0 

-1.0 

12 

3 .0 

1 . : 

-1.3 

13 

-3.0 

-1.0 

0 . 

IL 

-1.0 

-1.0 

u • 

15 

1.0 

-1.0 

G • 

16 

3.0 

-1  .0 

u • 

17 

-3.0 

0 . 

G . 

18 

-1.0 

0 . 

0 . 

19 

1.0 

0 . 

V • 

20 

3.0 

a . 

j • 

21 

-3.0 

1.0 

0 . 

2? 

-1.0 

1 . 0 

'J  . 

23 

1 . 0 

1 . 0 

J . 

24 

3.C 

1.0 

J . 

25 

-3.0 

-1.0 

1 . 0 

26 

-1.0 

-1.0 

1 . 0 

27 

1 . : 

-1.  G 

1. 0 

28 

3.0 

-1.0 

1.0 

29 

-3.0 

0 . 

1.  u 

30 

-1.0 

0 . 

1.0 

31 

1.0 

0 . 

1.0 

32 

3 .n 

3 . 

1 . 0 

33 

-3.0 

1.0 

1.0 

34 

-1  . C 

l.C 

1.0 

35 

1 . 0 

1 . 0 

1.0 

36 

3.C 

1.0 

1.0 

Legend ; 

X(l)  = (striking  vehicle  weight 

- 3500) /500 

X(2)  = (speed  of  striking  vehicle 

- 30) /lO 

X(3)  = (RSV  side  door  force 
level  - 52.5)/17.5 
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Table  A-4 


Responses  Observed  For  RSV  In  Front- to-Front  Collision 

Simulation* 


Run 

Y(l) 

Y(2) 

Y(3) 

Y(4) 

Y(5) 

Y(6) 

Y(7) 

Y(8) 

1 

1765 

1. 0714 

l3.  39  2 2 

0 . o 4 2 9 

0.5398 

19.47 

15.25 

i-  • - 

2 

C .1C17 

1.0003 

0. 2373 

:. 5750 

0 . 406'^ 

30.45 

2 6 . 2 -! 

- 0 • ‘ J 

3 

0.0  867 

0.7837 

0 • 1 o 1 3 

3.6429 

0 .5867 

4 9.05 

4 9 • V.  5 

4 . 7 

4 

0.0893 

C . 8 0 0 0 

0 . 1964 

C . 4 4 0 U 

•0  • 3 661 

3 3.27 

2 7.87 

1.5 

5 

0 . 0 8 0 0 

1 . j 0 C 3 

C.6  J :o 

1 . 0 0 G 0 

. . 0 C w 

39  .9  6 

3 4.82 

-1  . w 

6 

C . 0 424 

C. 5357 

G.5^85 

j . 8571 

3.7119 

48.52 

4 9 . 3 6 

-4  . _ 

7 

: . 1226 

C . 8371 

0.  52Q8 

G .6190 

0 . 5849 

30 .31 

2 5. 99 

-2  . C 

b 

: . 1 5 8 3 

G . 7 8 5 7 

C . 25  jj 

0. 3714 

0.5583 

5 0.48 

5 1.29 

5.6 

9 

0 . 1 22f 

1. 1471 

0 . 4u  54 

0 .7059 

C .5472 

27.00 

2 1 . 2 7 

-14.5 

IG 

'j  .2C65 

L . 6500 

C.  4130 

0.  5 00] 

- .5652 

19.45 

15.8 

-1  . ? 

11 

j . 1 1 3 2 

C . 8 7 7f, 

L . 2 1 7 3 

3.6122 

J . *♦  8 1 1 

34.17 

2 7 . 9 5 

.2 

1? 

. 1 (j  9 1 

u . 8958 

0.  5727 

3 . 5 0 G 0 

0.5545 

3 4.31 

2 9.93 

• 1 3 • . 

13 

C . 1 C 2 8 

0 • 7 i 4 7 

j . 2 7 1 : 

0.6122 

o . 5047 

3 3 .7  9 

2 " • 6 3 

- .7 

14 

0 .2  37  3 

0. 7437 

0. 3729 

0. 2963 

J . 4915 

3 4 , 2 3 

5 4. 4C 

-12.7 

15 

0.0  923 

0.7119 

0. 2 j77 

0 . 6441 

0 . 4 0 7 7 

48.13 

4 7.1? 

2 • L 

16 

C . 1 29G 

C . 7 S 5 3 

C.  2 366 

1.  3C00 

3 . 6 'J  2 2 

4 8.06 

5 6.46 

1 .2 

Legend : 


Y(l) 

Y(2) 

Y(3) 

Y(4) 

Y(5) 

Y(6) 

Y(7) 

Y(8) 


= T,/T 
1 P 

pi  p2 
= T /T 

V p 

= A /A  _ 

V p2 

= T^/Tp 

= Velocity 
= Travel 


*The  pulse  parameters  which  head  up 
the  first  five  columns  of  observed 
responses  are  defined  in  Tables  4 
and  5.  Derivation  of  the  responses 
is  covered  in  Section  4.2.1 
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Intrusion 


17 

18 

19 

2C 

21 

22 

23 

24 

25 

26 

27 

28 

29 

3C 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

4 6 

47 

48 

49 

50 

5 1 


Table  A-4  (Continued) 


Y(l) 

Y(2) 

0 .1765 

C. 5526 

0.1429 

0.9091 

:.1G68 

C. 7273 

: .19C0 

C. 5636 

0.1081 

1.1250 

C.1354 

C. 6667 

0 .1733 

0.5429 

0.2051 

0. 6292 

C .1 154 

0. 44  00 

C .2414 

0. 6346 

0.1538 

0.6486 

0 .19C  0 

0. 58  33 

G .1626 

0 . 7667 

G.1068 

0 . 5 C 0 0 

G . J 748 

1. OGCO 

0.177Q 

C.52C3 

0.0806 

0.5652 

D .2679 

0.7255 

0.1111 

0.5952 

C.1197 

0.6750 

C.1398 

1.1875 

0.2717 

0. 4667 

0.1453 

0.9706 

0.1148 

C. 5965 

0.1429 

1.5385 

0.1136 

0 . 8519 

0.1500 

1.4167 

0.1C28 

1.8696 

C. 1150 

1.1522 

0 .2066 

0. 7714 

G .1171 

1. 0980 

0.2135 

1. OOOC 

C .1887 

1. 47C6 

0.1364 

C . 7GC0 

0 .1  339 

G . 8649 

G.1512 

^ *'  >•  r - 

X • w u C , 

0 . 1 4 04 

C . 9G  24 

Y(3) 

Y(4) 

5. 3235 

3.3684 

0.3193 

0. 2273 

0. 2039 

0. 3813 

0.3330 

0.1455 

0.3604 

j .4688 

0.2708 

0.4000 

C. 3733 

0.4286 

0.3333 

0.0899 

C. 3846 

C.4400 

0. 4138 

a. 3077 

0.2923 

0.3108 

0. 3200 

0.2292 

C.3C89 

C. 3667 

0.2621 

0.1765 

0. 5607 

1.0000 

G . 3 0 C 9 

0.2292 

0.1613 

0.5000 

0.4  554 

0.2745 

0.1587 

3.5476 

G.  3419 

G. 6753 

0.3763 

0.7500 

C.4783 

0.4667 

C. 2735 

0.4265 

0.1967 

3.2895 

C. 2619 

1.2303 

0 .2955 

1.  2593 

C.440C 

C.6875 

C. 3925 

1.5217 

G. 38C5 

1.3870 

0 . 3140 

C.  1714 

0. 3333 

C . 6275 

0.4157 

G.2353 

C. 5094 

0.5882 

0.4773 

C. 5167 

C. 2857 

0.4865 

C . 4 b p 1 

1 . J C C 3 

0.2544 

G. 4146 

Y(5)  Y(6) 


0.6618 

29.33 

Q .4874 

30.15 

0 .4854 

33.86 

G .5100 

54  .49 

0 . 6 30  6 

25.15 

0 .4271 

32.45 

0 .7600 

31.14 

0 . 4957 

51 .58 

G .6442 

58.07 

0.5431 

31.17 

0 . 4 769 

52.68 

0 .5400 

49.89 

0.5122 

42  .78 

0 .3981 

73.76 

3 . 7664 

43.71 

C .5664 

56.27 

0.4032 

68.32 

0 .6071 

30.35 

0 .4444 

64.96 

C . 4530 

57.22 

0 .7097 

36.70 

0 .6087 

27.33 

0.5983 

51.75 

0 .3770 

76.07 

0 .5714 

20.00 

0 .8864 

50.32 

0.7200 

41.50 

0.8224 

32.91 

0 . 7699 

50.49 

0 .4463 

45.06 

0 .72C7 

43.85 

L .5955 

18.10 

0.6226 

29.57 

3 .6364 

32.32 

G .4 1C7 

49.86 

3 .7326 

41.8  0 

3.5175 

5 8.06 

Y(7) 

Y(8) 

18.  56 

75. C 

28.86 

-12. C 

2 8.  30 

3.3 

48.79 

-2.5 

22.  OC 

-14.5 

25.08 

-C  • 6 

22.  52 

63.  C 

5 3.  33 

-1C  .0 

5 5.70 

9.5 

32.23 

-12.2 

5 7.  56 

-5.3 

4 4.64 

0.2 

43.  74 

-3.2 

6 0. 99 

-6.2 

38.09 

-8.2 

5 8.  16 

6,4 

65.  51 

11  .C 

3 0.61 

-12.8 

64.  61 

14,6 

52.67 

-4,4 

27.48 

-7  ,4 

24.  04 

-1.4 

4 9.98 

-1C  .6 

73.  92 

6.0 

12.  00 

-14.5 

39.06 

1.6 

32,  31 

-14.5 

26.  73 

-12.6 

4 6,  34 

-14,5 

45.  32 

-0.4 

4 C.  02 

-8  .2 

1 3.  41 

-1.6 

23.45 

-2.5 

24.  43 

-1.6 

4 2,  66 

-14,5 

29.  96 

-1 . 5 

5 3. 34 

-9.4 
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Table  A-4  (Continued) 


Run 

Y(l) 

Y(2) 

Y(3) 

Y(4) 

Y(5) 

Y(6) 

Y(7) 

Y(8) 

54 

0 .1129 

G. 6250 

0.1935 

0.3571 

0 . 4032 

78  .60 

7 7. 54 

3 .0 

55 

G .1739 

1. 5909 

0.4674 

G . 6364 

0 .5761 

3 4.04 

2 2.51 

-2.5 

56 

C .1 753 

0. 6C42 

0. 3C93 

0. 27C8 

0.5979 

5 0 . 7 C 

44.  55 

-13. C 

57 

G .1667 

1.6003 

0.5000 

0.6667 

0.6111 

28.39 

22.  17 

-2.5 

5 ^ 

0 .1792 

G . 6154 

G. 3302 

0. 3577 

G .4  717 

53.84 

4 9.93 

2.2 

5 9 

C .2024 

1. 1429 

0. 3214 

0.9524 

0.4286 

24.42 

1 5.  13 

-14.5 

60 

0 . 1 0 6.4 

1. 1429 

0. 5532 

0.2143 

0.3085 

17.76 

13.49 

-14.2 

61 

Q.G741 

0 .4928 

0 . 3 7 0 4 

3.7536 

0.6111 

49.77 

“+  5 . 5 C 

1 . 0 

62 

0.2581 

1.0500 

0.4274 

G . 5503 

0 .5484 

30.57 

3 0.98 

-13.5 

63 

G . 12CC 

G . 4 4 44 

C.4CC0 

0 .7778 

0 .5900 

56.48 

4 9.  04 

-7 . 0 

6 4 

C. ICCO 

C.  42  31 

C . 2167 

0.4231 

0 . 4333 

69.59 

6 6.83 

14  .8 

65 

C .1132 

C . 7 1 7 G 

G. 3774 

3.3113 

0.4623 

36.27 

2 9.66 

-1.2 

66 

0.1161 

1 . C 4 76 

0 .4107 

0.5714 

0.5982 

33.44 

2 9.  19 

-12.3 

67 

C .1491 

3. 4C  CO 

0 .5263 

3.3000 

0.3772 

31.47 

2 7,  80 

-2  .5 

68 

0 .1207 

C . 56G0 

Li.  2759 

0.5503 

C . 5086 

69.52 

6 7.01 

-1.8 

69 

0.1429 

3. 9091 

G. 2143 

0.6818 

0 ,6266 

22.17 

12.80 

-14.5 

7C 

G .2772 

76CG 

C. 4356 

0.4403 

0 . 5941 

2 8.68 

2 5.  60 

-1.7 

71 

C .2  000 

1. 2500 

C . 4 144  4 

1.1429 

0 .7778 

4 9 . G : 

36.  98 

— C » 2 

72 

0.1556 

1 . 0 4 55 

C .4889 

1.0227 

u .8444 

37.53 

2 9.50 

-12.1 

73 

C. 1275 

G. 6957 

0. 2353 

0.3261 

0 . 3333 

28.29 

2 1.22 

-2.5 

74 

G .1780 

C . 6977 

C. 3051 

0.3465 

0 . 4237 

51.20 

5 0.69 

2 .5 

75 

G .1452 

1. 1429 

0.2934 

0.6071 

0 . 4032 

45.71 

40.97 

-14.5 

76 

C .2660 

1.  G50C 

0.4149 

G.40C0 

C .6489 

48.45 

38.  87 

-5.4 

77 

C .1100 

Q. 8293 

C . 3 j C Q 

0.4263 

u • 4 0 G 0 

48.27 

3 6.  76 

-2  .5 

78 

G . 0 818 

2.0009 

0. 2313 

3.0000 

D .3727 

39.71 

32.  86 

-13,5 

79 

0.1556 

1.1176 

G . 4 0 C 0 

0. 3824 

C . 5778 

40.59 

2 8. 70 

-2.0 

80 

0.2613 

1.3043 

C. 3964 

0. 1304 

0 .6396 

32  .79 

2 9 . 8 Q 

-13.0 

81 

C . 2553 

1.6111 

0 . 5426 

0.7222 

0 .6489 

30.01 

2 1.  62 

-14.5 

32 

C.1154 

0 . 8627 

3. 3G77 

0. 1176 

C .4808 

29.13 

2 4.68 

-1 .0 

83 

C .1140 

G. 5333 

G. 2195 

3.3333 

0 .3596 

7 3.85 

66.89 

11  .5 

84 

C .2 17G 

0.7381 

0. 3491 

0 .1429 

0 .6321 

47.30 

4 5.78 

-12.2 

35 

0.1667 

1.2105 

0.3462 

0.3421 

0 . 5 128 

22.20 

12.87 

-8  .5 

86 

G .0714 

1 . 0 5 56 

0. 2589 

1 . 5 C 3 0 

0.3393 

31.34 

22.  45 

-13.8 

87 

C .2273 

1.6061 

0.5114 

0 .5152 

0 .6813 

49.22 

3 3.  C9 

-14,5 

88 

C .0962 

. . 5750 

j . 1 92  5 

0 . 5 75  J 

0 . 2385 

46  .98 

35.  99 

-2.5 

89 

: . 1 1 5 c 

0 . bo  o: 

C . 2 1 2 4 

u . 4 0 0 J 

: .4159 

77.06 

6 9.  75 

9 . 8 

90 

1 . 0 5 0 . 

G . 4 H 6 5 

0 . -+5  C 0 

0 .6  0 36 

28.91 

2 b . 38 

— 14.1 
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Table  A-5 


Responses  Observed  For  Other  Vehicle  In  Front- to- Front 
Collision  Simulation* 


Run 

Y(l) 

Y(2) 

Y(3) 

Y(4) 

Y(5) 

Y(6) 

Y(7) 

Y(8) 

1 

C .1839 

C . 80  39 

C.517? 

j . 5098 

0 .8161 

2 9.73 

2 3.  70 

5 .4 

? 

C .1 44  3 

u .7884 

G . 2 H 7 4 

C.5217 

C .7732 

4 6.86 

4 1.38 

1 6 . u 

3 

G . 1C  19 

G. 4632 

0 . 2 1 5 7 

0 . 3G56 

G .4907 

6 4.62 

0 9.74 

25  .5 

4 

C. 1 188 

0 .8174 

0 . 2 G 7 9 

2 . 5 5 G 7 

0 . 5743 

4 6.39 

3 (1.  3 7 

16.4 

S 

C . 1 6 C 9 

2.818? 

C .4681 

: . 518  2 

..8723 

2 5 • 7 6 

22.69 

c r 

6 

0 .1696 

0. 8 3 33 

0 . 3 H 75 

u . 1 G 4 2 

0.6271 

3 0.77 

5 2.  12 

5 • 9 

7 

0 . 1 4 C 0 

G. 7600 

u . 4 ? j C 

C . 4 C 3 8 

0.6100 

3 C . 9 6 

2 6.  39 

5.0 

8 

j . 1 6 C 7 

C . 6379 

Q. 3661 

0 . 2345 

C . 5536 

31.4  1 

3 1.73 

1 : . c 

9 

0.1327 

1. 0625 

G. 2245 

G.  770  8 

: . 7551 

38 .5  7 

3 1.  97 

17.2 

10 

2 .2C22 

0 . 8600 

0.5393 

0.4200 

J . 7921 

2 8.65 

22. 93 

4 . 

11 

J.1275 

■:  . 77  46 

0. 2 353 

j . 4930 

0 .5686 

46 .2  8 

3 9.  2 0 

16.4 

12 

0.12^7 

...  8 7 6 0 

G. 2277 

0 . 5563 

C .7  228 

4 6.19 

4 L . 66 

16  . G 

13 

G. 1 346 

C . 7941 

0.2212 

0 . 5441 

t .5769 

46  .34 

5 J. 

i rj  . 0 

14 

C . 3 1 1 5 

1.  48  33 

0.45:8 

:. 3333 

- .8197 

22.29 

2 3.  29 

2.4 

15 

G . IGCO 

C . 6u  QO 

0.1818 

u. 5269 

V.  . 4727 

6 4.73 

> '9.6  2 

27  .f 

16 

0.1364 

0. 3643 

0.2273 

C. 2929 

(-  . 6 6t2 

66.40 

5 3.  6. 

40  . L 

Legend: 

Y(l) 

= T./T 
1 P 

Y(2) 

= A ,/A  „ 
pi  p2 

Y(3) 

= T /T 

v p 

Y(4) 

= A /A  _ 
v p2 

Y(5) 

= T^/Tp 

Y(6) 

= Velocity 

Y(7) 

= Travel 

Y(8) 

= Intrusion 

*The  pulse  parameters  which  head  up 
the  first  five  columns  of  observed 
responses  are  defined  in  Tables  4 
and  5.  Derivation  of  the  responses 
is  covered  in  Section  4.2.1 
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Table  A-5  (Continued) 


Hun 

Y(l) 

Y(2) 

Y(3) 

Y(4) 

Y(5) 

Y(6) 

Y(7) 

Y(8) 

1 7 

0.1429 

C . 6406 

Q. 3377 

0.2189 

C .5714 

26.30 

i 7.  92 

30  ..9 

1 P 

0 . i 4 G 4 

0.8500 

0.4386 

0. 4750 

C .6579 

29.53 

2 8. 4G 

4.3 

I-' 

0 .1  25  0 

0 . 7941 

0. 2212 

0.5588 

G . 5962 

47.27 

4 U . 8 4 

15.7 

PG 

C .1 389 

0.5938 

C. 3C56 

0.1250 

C .5370 

35.12 

3 3.87 

16  . l 

?1 

G . 1 4 1 5 

1 . P 0. 5 2 

0.2642 

G.587C 

G . 5660 

3 3.89 

2 P.  34 

2 . 3 

:>  7 

G .14  4 4 

0 . 68  23 

0. 2667 

0.4268 

G .7222 

47.07 

3 8.77 

18 .2 

0.1463 

G. 73C8 

3. 4C24 

G. 2115 

G . 6 C 9 9 

23.16 

16.63 

21  . C 

? ^ 

0 . 1 4 b 3 

0 . 7 5 U IJ 

C. 3415 

G . 2 C 8 3 

G . 5691 

32.49 

3 4.  52 

8 .4 

'•  C , 

G .16  36 

C . 5 8 0 6 

0. 3182 

0.2258 

C . 59C9 

36. C5 

36.  09 

12.5 

, ' 

j . 2 5 4 4 

1.4 8 6 

0. 4396 

1.9571 

C . 7 0 1 8 

17.68 

1 6. 3 7 

G . 

■ ’ 7 

0.1835 

0.7917 

0. 3953 

0.1875 

C . 6769 

2 9 . G 8 

2 6.  61 

5.8 

? H 

0.1619 

J . 6 2 96 

D. 3714 

3.1852 

0 ,5810 

29.25 

2 7.57 

14 ,5 

0.1230 

0.6/86 

0. 2*+59 

0.5357 

0.4919 

41,94 

4 1.  39 

12  .0 

iO 

0.1041 

G . 4868 

0. 2062 

0.2695 

0 .6907 

4 3.05 

39.  30 

29.2 

31 

0 .1 389 

D . 7059 

C. 2222 

0. 3675 

0 .4  9C7 

42  .89 

3 8.  29 

14 .0 

32 

L .1441 

0 . 7708 

0.2883 

0.2083 

0 .5586 

29.84 

2 8.49 

7.6 

3 3 

0 .0917 

C. 5441 

0. 175C 

0.2574 

0 .4583 

4 5.44 

4 5,44 

20  ,3 

3<* 

0.1727 

1.  3G  77 

0.4545 

2.3000 

0 . 7273 

17,65 

15.53 

C .8 

35 

0.1132 

C.  4 756 

0. 2170 

0.2195 

0.5660 

47 .0  2 

45.  07 

14.0 

5 6 

0 .1C78 

0.5389 

C. 1569 

0.4589 

0 . 6275 

55.49 

49.  53 

26.0 

37 

C. 1224 

0 . 60  44 

0 ,2041 

0.4011 

0 ,5408 

53.21 

44.  31 

20  . 8 

38 

C .1915 

1.1250 

0 . 3617 

1.7500 

0,6383 

15.08 

1 1.  C8 

1.2 

39 

C .1379 

C . 7 G C 0 

0.3103 

0. 2200 

Q . 56C3 

31.83 

32.09 

7.2 

40 

C.1196 

C . 4375 

C .1957 

Q. 3000 

0.7935 

44.12 

4 0.36 

18.8 

41 

C .1829 

1. 1739 

C. 3415 

0.5217 

0 .6829 

27.33 

18.51 

7.0 

42 

C.1136 

C . 3571 

G, 2273 

G. 3236 

C .5682 

67.34 

5 4.14 

28  .4 

43 

0.1290 

0 . 7424 

0.2366 

0.4242 

0.6344 

38.86 

3 1.  38 

13.8 

44 

C .1176 

0 . 950C 

0. 1951 

0.6333 

0 .6667 

44.94 

3 8.  13 

16.0 

45 

G .12C7 

0. 7917 

3 , 2596 

0 .1667 

C . 5345 

31. G2 

3C.57 

11  .0 

46 

0.1944 

0 .8261 

0. 3611 

0.1522 

0 .7037 

27.67 

27.  34 

5,4 

47 

C .1545 

3.8409 

0.3091 

0. 1818 

0 . 6273 

27.54 

26.61 

5.2 

40 

u. 1839 

0.9149 

0.5172 

•3.4  8 94 

Q . 8 046 

28.27 

2 1.86 

4.5 

49 

0.2119 

1.8333 

0.4492 

3.5000 

G .7  119 

18  .9  4 

16.  77 

1 .8 

50 

0.1379 

0.6935 

C. 2414 

3,4286 

C . 7241 

47.19 

3 7.50 

17  .5 

5 1 

0.1182 

G • 6 8 5 2 

0. 2727 

u. 1 ill 

0 .5273 

31.29 

2 9.  96 

11 . 2 

52 

3.1136 

G. 4333 

G » 2 0 8 5 

3 , 3333 

0 . 5909 

60.46 

4 7.91 

26 .0 

5 3 

0 .1217 

C . 5667 

0.2783 

G. 1833 

3.4873 

35.84 

3 5.68 

13.2 
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54 

55 

56 

57 

53 

59 

60 

61 

62 

63 

54 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

3 0 

81 

3 2 

8 3 

34 

35 

86 

87 

8« 

39 

9C 


Table  A-5  (Continued) 


Y(l) 

C,0893 
0.1429 
0.1154 
0.1579 
: .1429 
0.1579 
C .1619 
0.1226 
: .2000 
0.1667 
0.C980 
0 .1186 
0.1250 
G.246C 
0.1048 
C.1531 
j.1667 
0 .1  111 
0.1277 
0.1667 
G .14  29 
G.1731 
0.1176 
C .1 250 
0.1343 
G.125C 
0.1277 
C .2407 
C.1758 
0 .0  943 
0 . 1 364 
0.1596 
0.1212 
0.1250 
G.l 379 
0 . 1 C 5 G 
C .20  26 


Y(2) 

Y(3) 

Y(4) 

0 . 4615 

0.1964 

0.2308 

0. 7030 

C.  2 361 

0.4750 

0. 6143 

0.2692 

G. 1429 

1.3324 

0. 4825 

0.5832 

0. 6727 

G . 3 0 36 

0. 127  3 

1. 0185 

0. 3263 

G . 4 6 3 C 

1. 3571 

C. 3048 

C.9236 

3.5923 

0.2925 

0.2885 

1. 3030 

0. 3636 

1 . 0 0 G 0 

C . 5455 

C.2963 

0. 3788 

0. 5003 

0. 1765 

0.3194 

C. 8125 

C . 1864 

0.5625 

u . 9194 

0. 2033 

0.5806 

2.0300 

0.3839 

C.5294 

Q. 4932 

C. 2000 

: . 2466 

1. 1250 

0.2449 

0.6667 

1. 3750 

0. 2917 

1.9375 

3.3783 

0.1889 

C. 3409 

0. fall! 

0.2234 

0.3956 

0. 75C0 

C. 2556 

0.5000 

3. 6727 

0. 2857 

0.1273 

0.6000 

0.3558 

0.2333 

G. 3571 

0.2588 

0.3571 

0.6792 

0.2692 

2.3396 

G. 7879 

3.2360 

0 • 4545 

0.4848 

0. 2250 

Q .2727 

3.8906 

0 .2128 

0.5938 

1. 7619 

0.4C74 

0.3810 

0. 9533 

0. 3187 

G. 3750 

C . 4 4 5 9 

0.1887 

0.2973 

0. 7708 

0 . 3 0 G 0 

0.1667 

1. 0769 

0.3293 

0.3462 

j. 3261 

0. 2121 

0.5072 

0. 3429 

C.  2 38  6 

0. 3429 

0 . 6154 

0. 2299 

0.4359 

C . 4375 

C. 220  3 

2.2375 

2.1813 

0.4433 

2. 1818 

Y(5) 

Y(6) 

Y(7) 

C .4821 

47.22 

4 5.  51 

0 .6905 

4 3.84 

32.93 

0.5577 

38.33 

3 5.  55 

0 .7105 

18.62 

1 5.  34 

0.5625 

32.26 

32.09 

C .4947 

32.72 

2 4.  17 

0.7429 

26.60 

22.  56 

0 .5660 

31.40 

28.63 

0 .4727 

17.21 

1 4.  45 

0 .5741 

39.89 

38.  45 

0.6275 

43.57 

40.  10 

G .4915 

48  .69 

45.  29 

0 . 7500 

43.97 

36.  93 

0.6667 

18.95 

1 7.  73 

0.5714 

42.65 

40.  12 

0 .5714 

33.81 

26.  GO 

0.4250 

15.96 

1 3.66 

0 .5333 

66.94 

52.96 

0 .6064 

51.19 

42.  26 

0.6111 

41.20 

31.93 

G . 5357 

32.34 

31.8C 

0 . 6346 

33.06 

31.  77 

0 .6000 

65.70 

5 1.  48 

0 .5769 

32  .28 

28.98 

0.7191 

39.19 

31.  18 

0.5875 

58.55 

42.47 

G .7660 

44.76 

37.  17 

0 .8333 

19.12 

16.  78 

0 .7802 

29.09 

23.93 

■j  . 5 849 

44.33 

42.55 

0 .6182 

29.31 

2 8.58 

0 . 5106 

30 .77 

22.62 

0.6162 

45.52 

3 7.  83 

0 .5662 

67.29 

5 4.  G 1 

0 . 6667 

42.54 

33.29 

J .6300 

4 3.95 

4 1.  04 

G . 5776 

16.44 

1 3.15 

Y(8) 

21.6 

18  .7 
13  .9 

1.6 
14.3 
10  .C 
3.3 
9.7 
1 . 
20. 
13  . 
18  . 
15. e 
1 .2 

19.2 

13.3 

1.2 

31.2 

19  .C 

16.3 

9.6 
7 .0 

27. C 
12.5 
12. C 

25.0 
15  .6 

1.7 

4.8 

22.8 

8 . 0 

11.0 
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Table  A-6 


Responses  Observed  For  RSV  in  Front-to-Side  (RSV  in  front) 

Collision  Simulation* 


Run 

Y(l) 

Y(2) 

Y(3) 

Y(4) 

Y(5) 

Y(6) 

Y(7) 

Y(8) 

1 

0.240  0 

0.7500 

0.5200 

1.3000 

0.7200 

6.56 

5.91 

-2.5 

7 

0 . 1567 

0.5484 

0.3433 

0 .2645 

0.4701 

21.15 

24.47 

-3.9 

3 

0.1417 

1.2632 

0.5000 

0 . 8421 

0.7000 

20.04 

18.82 

-134  4 

4 

0 . 2625 

0.7544 

0.6375 

0.7018 

0 . 7250 

3.85 

4.27 

-0*2 

5 

0.3500 

3. 1667 

0.7900 

0.2667 

0.8800 

9.40 

7.14 

-13*7 

6 

0.1750 

1 . 0000 

0.3063 

0.1429 

0.4250 

25.47 

31.87 

-9.9 

7 

C . 3913 

1. 2000 

0.5435 

1.1000 

0 . 7065 

7.35 

6.01 

-2.5 

« 

0.1313 

0 .8125 

0.2625 

0 .4375 

C.3938 

2 9.95 

36.82 

0.7 

9 

0 . 0093 

0 .9444 

0.3571 

0.9889 

0.5000 

15.34 

12.57 

-14.5 

10 

0 .2778 

1.0000 

0.3778 

0.9167 

0.4556 

6.89 

4.91 

-0.7 

11 

0 . 3800 

1. 0417 

0.5000 

1.0000 

0.7000 

7.06 

6.38 

-2.5 

12 

0.1563 

3.2222 

0.2313 

0.1556 

0.5688 

6.99 

10.87 

-14.5 

13 

0.0862 

0.8273 

0.3448 

0.9091 

0.6552 

20.42 

19.02 

-2.3 

14 

0.2463 

0.5333 

0 .3881 

0.3167 

0.7164 

17.08 

22.48 

-11.1 

15 

0 . 0654 

1. 0588 

0.2923 

1.4118 

0.4615 

19.12 

16.74 

-13.5 

16 

0 . 1705 

0.5521 

0 .3256 

0.3067 

0 .4341 

21.58 

23.60 

1.5 

Legend : 

Y(l)  = T^/Tp 

Y(2)  = A 

pi  p2 
Y(3)  = T /T 

V p 

Y(4)  = A^/Ap2 

Y(5)  = T /T 
2 P 

Y(6)  = Velocity 
Y(7)  = Travel 
Y(8)  = Intrusion 


*The  pulse  parameters  which  head  up 
the  first  five  columns  of  observed 
responses  are  defined  in  Tables  4 
and  5.  Derivation  of  the  responses 
is  covered  in  Section  4.2.1 
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17 

18 

19 

20 

21 

22 

2 ? 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

^♦2 

4 3 

44 

45 

4 6 

^7 

4 8 

^4  9 

50 

51 

5 2 

53 


Table  A-6  (Continued) 


Y(l) 

Y(2) 

Y(3) 

Y(4) 

0 .1094 

0.9655 

0.3281 

0.5517 

0 . 3967 

0.9302 

0.5  785 

0 .6977 

0 .3462 

1. 0000 

0.4808 

1 .0000 

0.1429 

0 . 8874 

0 .292  9 

0 .1 987 

0.2830 

1.2769 

0. 4340 

1.1538 

0.1538 

0. 4785 

0.3077 

0.2577 

0 . 0797 

0 .8734 

0.4130 

0.4241 

0.5583 

0 . 3286 

0.8500 

0.1143 

0.1000 

0.8805 

0.3417 

0.4083 

0 . 3774 

1.0000 

0.5283 

0.8333 

0 .3167 

1.0667 

0.4250 

0.9333 

0 . 5054 

0.7000 

0.5699 

0.6889 

0 . 2117 

0. 8299 

0.4307 

0.5646 

0 .1375 

3 . 8974 

0.3375 

0.3718 

0.0915 

0 . 8333 

0. 2817 

1.0167 

0 . 4750 

1 .1364 

0.5875 

0 .4773 

0 . 0759 

0 . 9467 

0.2532 

0.7200 

0.2054 

0. 7273 

0.3750 

0.2364 

0.1711 

1 . 3223 

0 . 3026 

0.4545 

0 .16^5 

0.8387 

0.3882 

0.3742 

0.3256 

1 .1236 

0.5000 

0.8427 

0.2155 

0 .2727 

0.^397 

0.1948 

0 .1626 

1.1471 

0.3496 

0.2353 

0.1071 

0. 9558 

0.2571 

0.0773 

0 . 4250 

1 . 1600 

0.5500 

1.1000 

0 .1405 

0.5328 

0.3636 

0.3742 

0 . 3704 

0.9808 

0.5556 

1.0000 

0.1875 

C .3333 

C .2563 

0.2667 

0.1321 

1.1515 

0.2736 

0.4242 

0.5918 

0. 7363 

0.6531 

0.6593 

0.2155 

1.7222 

0.4828 

0.1222 

0 .2661 

3 . 29C3 

0.3629 

0.1613 

0 . 3200 

1.0000 

0.4000 

1.0000 

0.1518 

0.6579 

0.3750 

0.4737 

0 .3556 

1. 0000 

0.4222 

1.0000 

0 .1696 

0 . 6313 

0 . 3304 

0.4813 

0.1875 

1.0421 

0 .3846 

0.2632 

Y(5) 

Y(6) 

Y(7) 

Y(8) 

0.7266 

27.08 

29.31 

-1.3 

0.7273 

6.80 

7.66 

-14.5 

0.5769 

7.03 

6.23 

-2.5 

C.40C0 

23.63 

25.79 

-4.0 

0.6226 

11.44 

9.81 

-14.5 

0.4308 

21.19 

23.69 

1.7 

0.7536 

29.52 

34.99 

-12.1 

0.9667 

4.39 

6.02 

-12.9 

0.5833 

24.23 

23.63 

-2.3 

0.6792 

8.74 

8.33 

-14  .5 

0.5333 

12.16 

11.96 

-14.5 

0. 7742 

9.32 

8.92 

-0.5 

0.6861 

26.41 

31.82 

-8.5 

0.4938 

30.08 

38.20 

-11.1 

0.5352 

26.26 

28.09 

-8.5 

0.7625 

9.41 

7.00 

-o.r 

0.3  544 

30.88 

34.16 

-8.5 

0.6518 

6.78 

6.91 

-14.5 

0.6382 

26.44 

32.03 

-1.6 

0.4934 

27.43 

33.67 

-10.7 

0.6395 

11  .14 

8.14 

-7.7 

0.8534 

7.89 

10.35 

0.1 

0.5122 

26.02 

24.85 

-14.5 

0 . 3929 

28.11 

30.43 

1.6 

0.7250 

6.23 

4. 55 

-14.5 

0.4876 

21.18 

21.73 

1.4 

0.5926 

7.47 

7.02 

-14.5 

0 .5438 

7.30 

10.91 

-14.5 

0.5943 

23.76 

20.07 

-14.5 

0.7959 

9.42 

9.70 

-0.3 

0.7759 

16.24 

14.43 

-7.5 

0.3710 

7.09 

10.04 

-1.5 

0.4600 

11.26 

9.10 

-2.1 

0.6696 

20.87 

20.89 

0.7 

0 . <4  66  7 

10.98 

8 .13 

-13.7 

0.6071 

21.42 

21.13 

0.7 

0 .5769 

24.26 

20.57 

-14.5  1 

V 

w 

I 
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Table  A-6  (Continued) 


Run 

Y(l) 

Y(2) 

Y(3) 

Y(4) 

Y(5) 

Y(6) 

Y(7) 

Y(8) 

54 

0.1081 

1 . 0458 

0.2563 

0.2941 

0 .5063 

30,33 

38.10 

“5.3 

55 

0. 4615 

1 . 2500 

0.6154 

1.1458 

0 . 7692 

6.19 

4.51 

-2.5 

:?  6 

0.1387 

1.0744 

0.4453 

0 .4215 

0.5839 

22.21 

23.75 

“11.6 

57 

0 . 3556 

1 . 42  86 

0.5556 

1.1429 

0.6667 

11.02 

8.30 

“1.7 

58 

0.1063 

1 .0359 

0.2313 

0.1138 

0 . 3813 

30.49 

36.97 

1.2 

59 

0.4118 

1 .1364 

0 . 4706 

1.1364 

0.7059 

6.89 

6.35 

“14.5 

60 

0.1240 

,3.2708 

0.2248 

U.2063 

0.6124 

6.37 

7.94 

“14.5 

61 

0.1202 

1.0000 

0.3269 

0.6786 

0 . 7692 

23.02 

20.41 

“2.5 

62 

0 .1186 

0.9130 

0.3063 

0 . 8696 

0 . 4438 

5.07 

5.99 

“14.1 

63 

0 .0833 

0 . 9 C G 0 

vj  . 3 3 3 3 

0.7333 

0.5583 

25. 98 

24.01 

-14.5 

6 4 

0 .0875 

3 . 9195 

3.2500 

0.1149 

0.3563 

30.89 

37.40 

1.5 

6 5 

0 .380  0 

1. Ib28 

0.6000 

1.1395 

0.7200 

7.01 

6.29 

“2.5 

6 6 

0 .1484 

0.8462 

0 . 4 8 H 4, 

0.3923 

0.6406 

2 0.43 

21.96 

“11.3 

67 

0 . 2881 

1.2727 

0.4407 

1.4545 

0.6780 

12.02 

11.79 

“2.5 

68 

0.0811 

0.3824 

0. 4122 

0.2529 

0 . 5473 

2 9.54 

34.87 

“11.8 

6 9 

0 . 3125 

1.3000 

0.4545 

1.2143 

0 . 7273 

11.09 

8.36 

“13.9 

7C 

0.6122 

1.0633 

0 . 7143 

0.9241 

0.8980 

11.13 

11.44 

“0.9 

71 

0 .1122 

1 .0476 

0 .4266 

1.1905 

0 . 7755 

20.^4 

16.51 

“2.5 

72 

0 .2636 

1.0968 

J • 4 5 74 

0.9355 

0.6434 

12.29 

13.20 

“14.5 

7 3 

0.2328 

1.2745 

0.5000 

0.5882 

0.6379 

17.87 

16.46 

“2.5 

74 

0 . 0875 

0.9226 

0.2438 

0.1607 

0.4000 

30.43 

37.51 

1.0 

75 

0 .1348 

1 . 4623 

0. 3121 

0.3962 

0 .4894 

21.08 

21 .37 

-14.5 

76 

0.1587 

0.9014 

0.4365 

0 .4397 

0.5714 

21.35 

22.37 

“5.4 

77 

0 . 3171 

1. 0891 

0.4756 

0.4257 

0.6585 

10.30 

7.61 

-1.7 

78 

0.1125 

0. 8473 

0.3750 

0.5191 

0.5500 

26. 92 

34.42 

“11.2 

79 

0.2500 

0 . 9881 

0.4300 

0.4464 

0.6200 

21.39 

18.09 

“2,5 

80 

0 . 2625 

1. 1500 

0.5375 

0.5000 

0 .7500 

4.65 

6.36 

“14.5 

91 

0 . 3367 

1.5000 

0.4694 

1.5CC0 

0 . 6939 

11.43 

9.35 

“14.0 

82 

0.6916 

0. 7937 

0.7383 

0 . 7302 

0 .8318 

7.03 

8.09 

-0.4 

83 

0.  1125 

1.2357 

0.2313 

0.4522 

0.5313 

34.30 

41.90 

“2.5 

84 

0 . 1417 

1.0000 

0.6667 

1.0000 

0.9667 

4.57 

5.08 

“14.0 

8 5 

0.1250 

0.4808 

3.5250 

1.0577 

0.7000 

6.10 

4.38 

“8.5 

8 6 

0.2174 

1 . 23C0 

0 . 4275 

G .6200 

0.6087 

20,31 

22 . 19 

“12.6 

87 

0 .0800 

0 . 7407 

0.1300 

0.8889 

0.6600 

21.77 

17.54 

“14.5 

88 

0. 2214 

0. 7326 

0.3214 

0.6163 

0.6143 

15.28 

18.69 

1.3 

89 

0 . 1188 

1 . 3653 

0 .2250 

0.1557 

0.4438 

33.23 

39.61 

“2.5 

9 0 

0.1813 

■:  . 3871 

0.2625 

0 .2419 

u . 64  3 8 

10.36 

16.07 

“14,5 
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Table  A-7 


Responses  Observed  For  Other  Vehicle  in  Front~to«Slde 
(RSV  In  Front)  Collision  Simulation* 


Run 

Y(l) 

Y(2) 

Y(3) 

Y(4) 

1 

3.  76 

100.0 

3.  75 

4.0 

2 

10.46 

110.0 

11.  06 

18.1 

3 

10.97 

108.0 

13.22 

17.4 

4 

2.40 

114.0 

2.3  3 

2.9 

5 

2.53 

90.0 

3.02 

2.2 

6 

5.11 

114.0 

11.34 

23.0 

7 

3.04 

90.0 

4.39 

5.0 

8 

5.59 

114.0 

13.71 

27.8 

9 

9.45 

100.0 

9.80 

13.6 

10 

2.72 

114.0 

2.12 

3.4 

11 

3.87 

100.0 

3.78 

3.9 

12 

2.20 

114.0 

15.32 

2.8 

13 

2.69 

110.0 

15.48 

21.8 

14 

3.00 

114.0 

1.87 

2.5 

15 

11.61 

104.  0 

14.28 

18.6 

16 

11.17 

104.  0 

12.29 

18.4 

Legend; 

Y(l)  = Equivalent  Square  Wave 
Y(2)  = Time  (milliseconds) 
Y(3)  = Intrusion  (inches) 

Y(4)  = Slope  (mph) 


*Derivation  of  response  data 
is  covered  in  Section  4.2.1 
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Table 


A-7  (Continued) 


Run 

Y(l) 

Y(2) 

Y(3) 

Y(4) 

17 

7.27 

114.  0 

14.89 

26.2 

18 

1 .44 

114.0 

2.53 

3.3 

19 

3.92 

100.  0 

3.  72 

3.8 

20 

5.39 

114.  0 

12.56 

25.2 

21 

6.66 

106.0 

8.17 

9.2 

22 

11.06 

106.  0 

12.91 

20 . 0 

23 

5.71 

114.0 

12.  36 

23.5 

24 

0.60 

114.0 

0 . 81 

1 . 4 

25 

5.69 

100  . 0 

18.54 

37.2 

26 

1.40 

114.0 

1.08 

2.0 

27 

2.40 

114.  0 

2.19 

2.0 

28 

1.-6  0 

Il4. 0 

0.09 

1.6 

29 

8.79 

114.  n 

14.61 

25.2 

3C 

5.43 

114.0 

10.92 

21.9 

31 

8.99 

114.  0 

17.88 

28.0 

32 

1.40 

114.  0 

1.61 

1.7 

33 

6.19 

114.  0 

16.59 

29.2 

34 

1.00 

114.0 

0 . 84 

1.6 

35 

5.11 

114.  0 

11.02 

19.0 

36 

8.47 

114.  0 

10.07 

18.6 

37 

7.59 

90  . G 

8.52 

9.6 

38 

1.20 

114.0 

1.42 

1.5 

39 

5.47 

100  . 0 

20.93 

42.0 

40 

5.91 

114.  0 

12.  63 

24.9 

41 

4.44 

80  . 0 

4.21 

4.0 

42 

11.61 

100.0 

12.04 

17.8 

43 

2.95 

108.  0 

3.44 

4.0 

44 

2.20 

114. 0 

1. 51 

2.5 

45 

5.96 

84.  0 

23.03 

46.2 

4 6 

1.50 

114.0 

1.05 

1.5 

47 

3.40 

114.  0 

7.02 

10.5 

48 

2.72 

114.  0 

2.49 

3.6 

49 

2.91 

94.  0 

2. 73 

2.5 

50 

11.13 

106.  0 

12.91 

20.0 

51 

3.04 

9C  . 0 

3.23 

2.5 

52 

10.95 

104.  0 

12.45 

18.4 

53 

5.24 

100.0 

10.91 

44 . 4. 

Run 

Y(l) 

Y(2) 

Y(3) 

Y(4) 

54  ’ 

5.d7 

114.  0 

11.76 

23 . 3 

55 

4.55 

78.0 

4.77 

4.2 

56 

5.2  3 

114.0 

3.90 

7.0 

57 

2.53 

90.0 

3 . u 3 

2 . 9 

58 

5.64 

113.  0 

13.66 

27.4 

59 

3.83 

100.  0 

3.79 

4.0 

60 

2.20 

114.  0 

2.08 

3.0 

61 

6.10 

8*+.  C 

21. 53 

h3.2 

62 

0.70 

lit*.  0 

1.  30 

2.5 

63 

6.21 

1 1 G . G 

15.60 

28.0 

64 

5.89 

114. 0 

13.  10 

24.9 

65 

3.92 

100.  0 

3.  72 

3 . 8 

66 

9.95 

114. 0 

11.66 

lb.  0 

67 

2.40 

114.  G 

2.  21 

2.  1 

68 

5.59 

114.  0 

11.06 

22.2 

69 

7.59 

90,0 

a.r)l 

10. C 

70 

1.70 

114.  0 

1.50 

1.8 

71 

13.41 

90. 0 

16.22 

21.7 

72 

5.63 

114.0 

3.86 

5.3 

73 

9.62 

103.0 

2 . 44 

3.0 

74 

5.59 

114.0 

1 3.  71 

27.5 

75 

5.59 

114.  0 

12.27 

20 . 3 

76 

10.86 

108.  0 

13.  15 

16.2 

77 

3.25 

84. 0 

3.21 

2*6 

78 

8.19 

114. 0 

11.42 

20 . 1 

79 

13.66 

90.0 

18.35 

23.9 

80 

1.40 

114.0 

1.34 

1.6 

81 

3.04 

90. 0 

2.84 

2.5 

82 

1.64 

114.  0 

2.26 

3.1 

83 

6.43 

114.  0 

16.17 

29.6 

84 

0.60 

114.  0 

0 . 59 

1 . 1 

85 

4.55 

30.0 

4.73 

4 • 5 

86 

9,  87 

114.0 

12.86 

17.2 

87 

13.66 

90.  L' 

18.47 

23.4 

88 

4.44 

114.  (? 

5 .68 

7.8 

89 

6.47 

114.  0 

16.  33 

29.6 

90 

1.  10 

114.  0 

0. 81 

1.4 
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Table  A--8 

Responses  Observed  For  RSV  in  Front-to-Rear  Collision 

Simulation* 


Kun 

Y(U 

Y(2) 

Y(3) 

Y(4) 

Y(5) 

Y(6) 

Y(7) 

Y(8) 

1 

G . 1 C 4 8 

4 • 5143 

0.1613 

2.9571 

G .3549 

17.67 

1 4.  86 

-12.9 

2 

" .2333 

C . 6 2 8 6 

0 • 3 C j 3 

G.6171 

: .4792 

23.99 

24.  34 

1.5 

3 

2 . G 991 

1 . 7 5 0 C 

3 . 1892 

1.  GCCO 

: .7297 

17  .29 

14.56 

-2.1 

4 

. .285  7 

: . 2632 

0. 5239 

C . 21C5 

: . 8 96  9 

9.76 

1 4,  4 1 

-11.5 

c 

: . 1 8 : 9 

3. 3333 

G . 4255 

2. 3333 

: . 7447 

10.24 

6.  6 3 

-12.'. 

f) 

^.3731 

w . 1 'j  G 

G. 4851 

0.8000 

: .649  3 

12.96 

1 8 . c : 

--  . ? 

7 

C . 1 339 

1.  3274 

G. 2232 

0.6019 

0.5179 

19.12 

1 5.  16 

-2.3 

8 

C . 1 5 8 3 

1. lilC 

C • 3 66  7 

0.  JPIO 

U . 8 0 C j 

18.13 

18.7? 

-12  . ^ 

9 

C .2818 

1. 5200 

0.5939 

0.94  GO 

: . 6 8 1 8 

12.4G 

1 w . 8 9 

-1  . ? 

10 

5.4552 

1.9565 

3 . 5449 

0.2174 

j . 6419 

26.42 

2 8.  3G 

1.4 

11 

Q .2222 

0.8895 

C • 4630 

C *5799 

1.5648 

25  .84 

2 3.11 

C . 1 

12 

G . 2C54 

G . 6667 

C.5357 

C . *♦  84  8 

: . 8 393 

11.45 

1 2.  35 

-12.2 

1 3 

C .2679 

1 . 6 C G 0 

0.4049 

2.0030 

C . 714  3 

9.8  5 

6.  67 

-1.6 

14 

C.25C0 

C. 2336 

C. 3235 

:. 14C2 

: .6691 

1?  .95 

18.66 

C .6 

15 

C.il66 

G . 8 876 

0.4322 

j.562l 

0 .6441 

27  .29 

26.42 

-11.7 

16 

0 .1418 

1. 0638 

0 . 3 3 5 9 

0. 1277 

G .5672 

18  .59 

2 c.  26 

-10 .5 

17 

C.2597 

3.  3333 

0.5325 

2. 1667 

0 . 7922 

8.61 

4.  95 

-1.3 

1 

C .1455 

0.8214 

u . 3 8 1 9 

; . 250  3 

: .5  918 

1 7 . 5 j 

1 6.  37 

t .3 

; 


Le gend : 


Y(l) 

Y(2) 

Y(3) 

Y(4) 

Y(5) 

Y(6) 

Y(7) 

Y(8) 


T,/T 
1 P 

pi  p2 


T /T 

V p 


A /A 

V p 


O 


T^/T 


P 


Velocity 

Travel 

Intrusion 


*The  pulse  parameters  which  head  up 
the  first  five  columns  of  observed 
responses  are  defined  in  Tables  4 
and  5 . Derivation  of  the  responses 
is  covered  in  Section  4.2.1 
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21 

22 

2'^ 

2‘* 

25 

26 

27 

2S 

29 

30 

31 

32 

33 

3U 

35 

3 6 

37 

38 

3 9 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

5 1 

52 

53 

54 

5 5 

56 

57 

5« 

59 

6C 


Table  A-8  (Continued) 


Y(l) 

Y(2) 

Y(3) 

Y(4) 

0 .1404 

' j . 42  0 0 

0.2281 

0.4200 

0.2266 

1. 1667 

0. 3429 

1.1667 

0.4366 

2. 2000 

0.5789 

2. OOCO 

0 .1200 

1. 2432 

0. 2640 

0 .2252 

C .2674 

1. 4545 

0 . 3953 

1.8182 

0 .3077 

1.1113 

0.500G 

G . 4 7 C 6 

C .4286 

2. 2000 

0 . 6250 

1.9G00 

C . 1 125 

1. C32G 

0. 2417 

G.  16G0 

G . 1288 

0. 3333 

0.1963 

G. 2733 

0 .1538 

C . 6897 

0.4462 

0.5517 

0.4239 

1.0818 

0.  5*435 

1. 1364 

0.1981 

D. 4875 

G . 3962 

0. 3438 

Q .1786 

2.5333 

G . 3036 

0.4000 

: , 2 C 2 6 

C . 6667 

0. 7069 

3. 7500 

0 .1 339 

1.6818 

C. 2411 

0.5000 

0 .3  3 33 

G .5455 

u . 4476 

0.5455 

C . 2657 

1.4063 

0. 3929 

0. 3750 

0.4167 

C .9841 

C. 5556 

0 .9841 

0.2093 

1.3333 

0.2791 

0 .6667 

C . 3692 

C . 4634 

0 .5846 

1. 0 OCO 

G .2  05  1 

2. 2957 

L . 4 ij  1 7 

G. 3478 

0.1923 

Q . 80  00 

C . 4615 

u « 8 C C 0 

D.1569 

1. 5333 

C . 3137 

0.2857 

G .2836 

G . 4 7 0 5 

0.3433 

0. 3529 

C .1525 

2 . 6b67 

0.2712 

1.4167 

C.1716 

0 . 6923 

0.5970 

0 . 2308 

C .36  0 C 

C . 9h74 

C . 5 u 0 

1. 1C53 

0.1754 

0.6207 

0.3509 

0 . 5241 

C.1017 

0 . 9643 

0. 3390 

1.2500 

0 .1602 

1.2658 

G . 3750 

0. 2690 

0.2955 

1 . 9385 

C.4C91 

0. 3846 

Q .2  000 

1.5385 

..314  3 

:. 4231 

0.0852 

0 . 1905 

0 . 1932 

0.6667 

r- . 3 3 3 3 

C • 6646 

0. 7292 

0 . 443  0 

C .2273 

0. 3929 

G . 4 C 9 1 

0.7143 

C .1968 

0. 7692 

0.5691 

0.3750 

G.250G 

1 . 8 7 5 Q 

36 :o 

: .3750 

C . 1 C 4 8 

1.4000 

. 2 2 5 8 

C . 3 G j J 

0.2600 

1. 7857 

0.4600 

Q . 5571 

0.0952 

1.2  381 

0. 2063 

3.7619 

G .26  18 

2 . C 7 6 9 

G • 4455 

C . 3846 

G . 1 2 1 4 

C. 6343 

G. 3571 

0.6193 

Y(5) 

Y(6) 

Y(7) 

Y(8) 

0 . 35C9 

11.96 

11.03 

-7.2 

0 .5571 

26.56 

28.93 

-10.9 

0.7895 

14.99 

1 4.93 

-7.3 

0.6080 

17.88 

16.01 

-5.6 

C . 6977 

10.19 

7.  1C 

-1 . 2 

0 . 6635 

23.74 

2 1.04 

-11.4 

0.8036 

15.14 

14.87 

-13  .3 

0.5333 

17.70 

17.32 

1.1 

G . 5 767 

13.31 

9.  99 

-2.5 

0 .5692 

22.57 

2 4.  76 

-10.7 

C . 6957 

15.0  3 

12.  62 

-14  .3 

C .7642 

9.23 

9.  75 

-0  .3 

0 . 5 0 C 0 

14.70 

1 0. 62 

-7.1 

0 .7414 

8.93 

9.  43 

-7  . 1 

0.3336 

16  .89 

1 2.  28 

-10  .2 

0 .5714 

23  .49 

2 3.  14 

0 . 5 

0.5179 

24.52 

2 1.19 

-14,5 

0 .7222 

12.8  7 

1 7.  28 

-7.5 

i3 .5581 

15.02 

1 0^  0 0 

-2.5 

0 . 7385 

12.35 

16.49 

L . 

0 . 7 0C9 

12.50 

10.  36 

-13.2 

0 .9231 

10.65 

1 3.  32 

-13.5 

0 .4118 

14  .58 

10.38 

-12.4 

0 . 6716 

11.94 

1 5.  75 

C .1 

C . 8136 

18.56 

16.06 

-1 . 7 

0 .7948 

9.18 

1 1.  32 

-12.2 

G . 72C0 

7.15 

3.  28 

-13.3 

0.7013 

10.37 

1 C . 8 4 

-1.2 

0 . 4237 

25.21 

2 0.80 

-2,5 

; .4961 

26.42 

2 5.28 

0 . 2 

0.5182 

23. C 7 

18.  26 

-14  ,5 

3 .5071 

25.96 

2 6.75 

-5  .6 

C . 3977 

10.67 

7.51 

-1  . 1 

u . 8333 

12.20 

1 7.  18 

-13.0 

0.5662 

6.7  3 

2.73 

-13 .0 

0 . 7 234 

11.44 

9.57 

G .2 

0 .5  OCC 

24.74 

1 7.  5 8 

-2  .5 

0 . 6935 

17.?** 

1 7.54 

-11.5 

C . 765  o 

23  .69 

18.58 

-14,5 

3 .5556 

23.33 

19.07 

. 1 

0 . 5636 

24.93 

19.5? 

-1.2 

r . 6 5 7 1 

11.63 

14.16 

-14.5 
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Table  A-9 


Responses  Observed  For  RSV  In  Front- to-Barrier  Collision 

Simulations* 


Run 

Y(l) 

Y(2) 

Y(3) 

Y(4) 

Y(5) 

Y(6) 

Y(7) 

Y(8) 

1 

3.0923 

C. 6920 

0. 1385 

0.6471 

: .6385 

54,36 

5 8.51 

18  .5 

2 

C .2542 

1. 50Cu 

0. 6271 

:. 7241 

: . 7627 

63,17 

6 G . 4 7 

17,7 

3 

0.1563 

0. 7143 

0. 3125 

0.5714 

0 .625C 

28  .98 

1 5.97 

47,5 

4 

C.23Cft 

C . 2 0 0 0 

0 . 5 5 7 7 

0.2000 

C ,7885 

18.99 

2 2.66 

-9.3 

5 

0.1132 

1.  3 0 QC 

0. 3962 

1.4500 

: . 8679 

25. 75 

2 2.  7 C 

-14.5 

h 

C .4599 

C. 5952 

G. 6096 

1. 19C5 

0.8128 

25  .29 

2 5,  12 

2.1 

7 

0. 1C3? 

■:  . 7 0 ft  3 

0. 3175 

0.8333 

3.5079 

61  .98 

6 3.  c 7 

1 0 » 7 

ft 

C . 1 C 6 ? 

C . 7973 

0. 25  ; u 

J. 7973 

: .4750 

61.34 

5 5. 95 

-1  . 1 

9 

0 .0  9C9 

C . 7619 

C . 4 54  5 

(3. 744  J 

3 . 6 5*-  6 

2 3.96 

1 9.  5 8 

•3  . 1 

10 

0.2353 

1.  00  oc 

0.5882 

1 . 0 0 C 0 

0 . 8 676 

54,8  3 

34.  37 

9.3 

11 

0.1765 

V . 6111 

0. 3824 

3.6111 

3 .6029 

29.88 

17.79 

53  .5 

12 

0.0755 

0.2695 

0.4245 

0.3224 

L . 5 5 f;  6 

3 7.74 

3 7 . 5 4 

-9.1 

13 

C.16B2 

: . 7917 

CD 

• 

ss: 

no 

0 . 5833 

C .6355 

2 3.18 

2 2. 99 

t . 7 

14 

C.  0 86  9 

0. C921 

C . 4556 

0. 1974 

3 .6  77  8 

26 , 38 

2 6.29 

1 .9 

15 

: . 1 0 9 1 

0 .5342 

C. 2818 

0.5263 

- . 8 V,  0 u 

56.55 

5 8,84 

9.5 

1 6 

: . 1 c 0 c 

G. 5319 

0. 4253 

1.0000 

G .6250 

54.7  3 

3 6.  8 3 

-4.7 

1 7 

u . J 957 

..7715 

0.5319 

- .9259 

3 . 7553 

24  ,8  9 

2 ^ . 0 3 

-G  .2 

1ft 

(.2439 

1 . 3 C 4 5 

0.4024 

1 . 3 u u J 

L .7317 

6 6.67 

4 5 . 55 

6 . 3 

Legend : 

Y(l) 

= T./T 
1 P 

Y(2) 

= A /A  _ 
pi  P2 

Y(3) 

= T /T 

V p 

Y(4) 

= A /A  - 
V p2 

Y(5) 

' Tj/Tp 

Y(6) 

= Velocity 

Y(7) 

= Travel 

Y(8) 

= Intrusion 

*The  pulse  parameters  which  head  up 
the  first  five  columns  of  observed 
responses  are  defined  in  Tables  4 
and  5.  Derivation  of  the  responses 
is  covered  in  Section  4.2.1 


A-20 


Run 

19 

2C 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 


Table  A-9  (Continued) 


Y(l) 

Y(2) 

Y(3) 

Y(4) 

Y(5) 

Y(6) 

Y(7) 

Y(8) 

0.1765 

0 . 9 u 5 3 

0.4603 

0.8125 

0.7941 

25.13 

2 3.59 

-6.9 

:.1573 

t . 4674 

G .2791 

0.5633 

3 .5116 

59.35 

4 3.63 

-5.8 

0.2558 

0.9091 

0 . 4651 

0.9596 

0 .6395 

24.78 

18.  22 

-8.5 

D .1071 

G . 6 3 C 7 

C . 2 5 j j 

0.6307 

G .3750 

58.24 

4 9.72 

7.5 

0.2188 

1. 3725 

Q. 5729 

1.6863 

0 . 6667 

26.45 

2 0.28 

-1.0 

0.1250 

G. 6875 

0. 3173 

0.6875 

0 .5962 

55.93 

4 8.  46 

0.4 

0 .3125 

1.4079 

0.4375 

0.7895 

3.5521 

2 7.38 

2 0.61 

-14.5 

0.1250 

1. COOG 

C . 3 0 8 6 

1.3000 

0 .8194 

57.13 

35.  29 

8.7 

0.1398 

1.9583 

£.3871 

1.3333 

0 . 7312 

26.45 

1 7. 98 

-1.4 

0 .ICIO 

C. 7371 

0.3232 

0.7143 

0.5152 

46.05 

35.  86 

-9.0 

3.2126 

1. 4286 

0.3333 

1.1143 

L .6667 

27.56 

1 8.  82 

-14.5 

G . 0 966 

0. 2333 

G. 4251 

0.4583 

0 .5604 

24.76 

2 3.  75 

1 .4 

0 .1  363 

1.3111 

0. 3833 

0.9333 

3 .7021 

38.20 

2 6.07 

-5.7 

0.1273 

u . 47  34 

0.4545 

3. 4734 

0 .6545 

20.61 

2 0.06 

-4.9 

0.1C85 

G.92C J 

0. 3C19 

G. 7750 

3 .5000 

59.54 

47. 7C 

-3  .9 

0 .1224 

1. 1429 

0. 3367 

1 .8367 

0 .5406 

47.8  3 

33.19 

3.0 

0.1217 

C . 8471 

C. 2957 

0.7765 

0 .4261 

63.90 

5 4.89 

-3.1 

C.2778 

0 . 7655 

0 . 4 444 

3 . 5625 

0.6898 

21 .39 

21.14 

-5.3 

0 .1  OGO 

0. 7333 

C. 2800 

0 . 700  0 

0 .5900 

62.65 

5 G.  92 

12.5 

C.1C58 

C . 2979 

0. 4327 

3.4681 

3.5577 

24.35 

2 3.  41 

1.4 

0.2000 

1.7143 

0 . 5 4 0 0 

1.0857 

0 . 8 000 

39.13 

3 1. 16 

-12.1 

0 .1017 

C. 5172 

0.0534 

0.5172 

0.7034 

24.14 

25.  15 

-11.3 

0.2C41 

C . 8788 

G • 4266 

3.9394 

3 .6531 

48  .63 

4 C.  21 

-8  .6 

G.1C65 

0. 5134 

0. 3359 

■0.497  3 

0 .5556 

22.92 

21.  38 

1.1 

3 .3125- 

1. 4211 

0.4167 

0.7632 

0.5000 

66.00 

6 C.  81 

14.7 

0.0833 

u . 7 L'  4 0 

0.5003 

0.5203 

0 .7083 

19.38 

2 C.  05 

-11.4 

0.1667 

C .8947 

C.4479 

1.1842 

0.4688 

26.24 

1 9.  08 

-14.5 

0 .1019 

0 . 5143 

0.4074 

0.7200 

G..5  37C 

23.14 

2 0. 86 

0.6 

C .1648 

1.1246 

C.456G 

1.4818 

0 .7033 

60.95 

44.  73 

12.1 

0.1293 

1. 7059 

Q .3966 

2.5294 

3 .6897 

58.39 

4 9.  17 

13  .9 

0 . 2 C C 0 

1. 1401 

C, 3657 

1. 0C4S 

3 . 6667 

63.23 

4 6.  18 

-5.5 

0.1795 

1. 1425 

C . 4 6 15 

1.3C74  . 

3 . 7 308 

56  .49 

3 6.36 

C .8 

C .2449 

0 .9292 

0.3469 

1.2389 

0 .6  224 

35.09 

2 8.  58 

-2.5 

0 . 1 1 C 2 

G . 8695 

G. 5169 

3.5652 

3 . 7627 

19.39 

1 9.  55 

-11.8 

0.2500 

1.  3*452 

0.4250 

G.8846 

J . 5CC3 

31.24 

16.  76 

-14  .5 

0 .143  3 

0.5085 

0 . 4125 

0.5086 

0 .6000 

36.61 

2 6.  16 

1 .2 

G.1277 

1 . 0 0 0 ] 

0.3330 

3 . 8 125 

3 .468 1 

63.23 

4 3.  93 

6 .,7 

0.1768 

1. 4 0 

C . 4 3 9 C 

1 . w J 3 

0 . o 2 c 

58.35 

3 6.  13 

-8 .9 

C .1750 

1 . 7 4 0 7 

0.4500 

1. 3704 

0 .725C 

49.48 

3 C . G 8 

-14.5 

C .2  C9C 

1 . 55  uc 

C . 4478 

1. 4250 

0.7985 

61  .3  3 

3 3.  75 

6.5 

0.2143 

1. 2331 

u . 3 u 9 

1. 3952 

3 .7324 

6 2.28 

4 2.  85 

9 . C 

C.1176 

0 .8333 

0.6176 

■0.5667 

u .9216 

19.25 

1 7. 99 

-12.1 
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Table  A-10 


Responses  Observed  For  Other  Vehicle  In  Front-to-Side 
(RSV  in  Side)  Collision  Simulation* 


Run 

Y(l) 

Y(2) 

Y(3) 

Y(4) 

Y(5) 

Y(6) 

Y(7) 

Y(8) 

1 

C.1429 

. 9 0 c j 

0.3095 

1.  ICOO 

■0  . 7 7 38 

15.33 

1 G.  98 

1.3 

2 

3 .1477 

1. G8  33 

t.2955 

1.6667 

0 . 8 4 C 9 

12.6  3 

9.  37 

2.C 

3 

G . le  CO 

0 . 6182 

0 . 3200 

1.3636 

0 .83C0 

11.  C4 

9.82 

w . 6 

4 

C .2264 

1 . 0 C C 0 

0.4151 

1.3333 

0 .83C2 

9.4  5 

9.  OC 

4.6 

5 

0 .1333 

G. 9231 

0.3669 

1.0769 

0.8222 

21.99 

1 7.  2 0 

G . 6 

6 

C.1143 

2. 0000 

C . 4 0 0 0 

2 . 2 C 0 0 

0 .8952 

17.97 

14,95 

2 . C 

7 

C .1618 

1.4000 

0.3273 

2.3000 

0 .9091 

15.6  1 

1 4.  8 1 

C . 8 

8 

0 .1739 

1. 7143 

0 . 3304 

2.2857 

j .9217 

13.:  1 

1 2.61 

w • 8 

9 

C.1429 

1.  1538 

0.3265 

1.2308 

0 . 9388 

28.39 

2 4.  78 

3.3 

1 C 

C .1284 

1.6000 

0. 3211 

1.7333 

C .9358 

23.26 

21. 24 

2.5 

11 

C.1552 

1.4266 

0.2566 

1.6429 

0.9138 

2 1 ...  1 

2 0.73 

0 .6 

12 

0 .1475 

1 . 6 C 0 0 

0.2459 

2 . 0 U 0 0 

j . 9344 

18 .22 

18.64 

0.7 

1 3 

G .1622 

1. 2500 

0.4855 

1.8753 

D . 8649 

15.85 

1 C . 15 

2 .C 

14 

C.1750 

1 . 4545 

C.525G 

2.0909 

0 .8500 

12.80 

6.  73 

2.5 

15 

G .2  55  8 

1 . 0 0 0 0 

0.4651 

1.5833 

. 8 1 4 c 

10.67 

8.3  2 

C .7 

16 

0 .2222 

0 . 71.  77 

0.4667 

1. 1538 

0 . 7 778 

9.66 

. 8 . 0 2 

C » 5 

1 7 

G .1667 

1 . 25  G 0 

0 . 4 C 9 6 

1.5000 

: . 7711 

21.93 

14.92 

3 . C 

16 

0.1522 

2 . 0 G 0 0 

0.3913 

2.6667 

G . 7 6 L 9 

18  .2  7 

1 2 . 6 G 

2 . 5 

Legend ; 

Y(l) 

= T,/T 
1 P 

Y(2) 

= A ,/A  - 
pi  p2 

Y(3) 

= T /T 

V p 

Y(4) 

= A /A  _ 
V p2 

Y(5) 

= Tj/Tp 

Y(6) 

= Velocity 

Y(7) 

= Travel 

Y(8) 

= Intrusion 

*The  pulse  parameters  which  head  up 
the  first  five  columns  of  observed 
responses  are  defined  in  Tables  4 
and  5.  Derivation  of  the  responses 
is  covered  in  Section  4.2.1 


\jn  r-i  O ^ vJi 


19 

2G 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 


Table  A-10  (Continued) 


Y(l) 

Y(2) 

Y(3) 

Y(4) 

Y(5) 

Y(6) 

Y(7) 

Y(8) 

0 .2247 

0 .9474 

G. 3146 

1. 368h 

0 .7416 

15.69 

12.00 

1.2 

0.2174 

1. 1538 

C. 2826 

1.3462 

C .76C9 

13.44 

10.  25 

1 . 2 

0.2169 

1.1765 

0.3133 

1.1175 

e . 3675 

27.61 

2C.  43 

4.C 

0.2083 

1. 0714 

0. 3125 

0.8571 

0 .3333 

22.99 

1 9.73 

3 .2 

G.1579 

1 . 5 0 G C 

G. 2962 

1.3125 

0 .6140 

19  .78 

1 6.  26 

1.1 

0. 16C0 

1. 25Q: 

■0.300': 

1.5625 

C .74C0 

17.12 

1 3.  78 

1.3 

0.2059 

1.2921 

C.5000 

1.9101 

0 .7941 

15.08 

3.  72 

2.8 

C .2059 

1.8GC0 

0.6176 

2. 8000 

0.8235 

12.0  3 

6.99 

2.8 

C.3250 

1. 1429 

C . 6 0 U 3 

1.4286 

0.0250 

11. C6 

6.  24 

C .5 

0 .3  333 

1. 7500 

G . 6 1 9 0 

2. 2500 

0.8810 

9.95 

7.71 

C .4 

C.2683 

1.5385 

C . 4634 

1.0769 

0 .8537 

22.00 

1 5.56 

4.0 

0.1731 

1. 7C00 

0 . 4615 

0.3000 

3 .73C8 

20.20 

1 5.  93 

3.0 

0.3415 

2.3333 

C.6707 

1.6667 

0 .9024 

15  .28 

1C. 97 

1.2 

0.3171 

1. 625C 

0 . 4634 

1. 3753 

0 .8293 

14.36 

1C.  23 

0 . 6 

0.2250 

1.  26  32 

0.4252 

G.8421 

G .9250 

28  .39 

2C.  58 

6.5 

0.1951 

1. 2143 

C. 4634 

1.0714 

0 .9024 

23.40 

17.11 

3.8 

C.2212 

2. 1429 

G. 4615 

1.4286 

0.9231 

20.22 

1 7.  4C 

1.8 

C.2  GGO 

2.  1533 

C. 5167 

Q.9231 

0 .7333 

17.88 

15.  67 

1.4 
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Table  A- 11 

Responses  Observed  For  RSV  in  Front-to-Slde  (RSV  in  Side) 
Collision  Simulation* 


Run 

Y(l) 

Y(2) 

Y(3) 

Y(4) 

1 

5.31 

84.0 

8. 52 

9.0 

2 

5.97 

90.0 

8. 52 

10.5 

3 

5.75 

103.  0 

7. 53 

10.6 

4 

6.23 

106.0 

7.69 

11.5 

5 

6.83 

90. 0 

13.49 

15.2 

6 

7.37 

105.0 

13.  h2 

17.0 

7 

8.01 

103.0 

12. 12 

19.2 

8 

8.32 

115.  n 

12.69 

21.0 

9 

8.13 

98.0 

16.21 

19.4 

10 

8.78 

109.0 

16.61 

22.8 

11 

9.82 

116.  0 

17.23 

28.5 

12 

10.27 

122.  n 

17.61 

31.0 

13 

6. 16 

74,  0 

6.77 

6.2 

14 

7.00 

30.0 

7.10 

7.0 

15 

7.04 

86.0 

6.57 

7 . 

16 

7.39 

90.0 

6.97 

3.1 

17 

7.88 

78.0 

12.36 

6.7 

18 

9.11 

84.0 

12.99 

9. 6 

Legend ; 

Y(l)  = Equivalent  Square  Wave 
Y(2)  = Time  (milliseconds) 
Y(3)  = Intrusion  (inches) 

Y(4)  = Slope  (mpli) 


Run 

Y(l) 

Y(2) 

Y(3) 

Y(4) 

19 

10.07 

90.0 

10.  15 

12.5 

20 

9.57 

100.  C 

10.75 

i t.  0 

21 

9.79 

80.0 

12.57 

11.5 

22 

9.66 

100.0 

12.50 

13.2 

23 

11.39 

98.0 

13.  96 

1?'.2 

24 

12.84 

100. 0 

14.56 

2u  .5 

25 

6.90 

66.  0 

6.25 

. 4 

26 

6.59 

76.0 

7.10 

5.0 

27 

7.97 

8 3.0 

4.83 

5.1 

28 

8.24 

84.  0 

5.68 

6.0 

29 

8^59 

70.0 

10.30 

5.8 

30 

9.57 

30.0 

9.2  5 

0.5 

31 

11.11 

8 2.  0 

8.6? 

8.5 

32 

11.93 

84.0 

9.28 

9.8 

33 

9.93 

73,0 

10.01 

8.1 

34 

11.13 

90.0 

10.23 

9.0 

35 

10.61 

103.  0 

12.  63 

10.2 

36 

12.16 

100. 0 

13.15 

12.5 

*Derivation  of  response  data  is 
covered  in  Section  4.2.1 


Table  A-12 


Regression  Coefficients  in  Prediction  Model  For  RSV  in  Front- 
to-Front  Collision  Simulation* 


I 

C(l) 

C(2) 

C(3) 

C(4) 

C(5) 

C(6) 

C(7) 

C(8) 

I 

J 

1 

0,007 

-0.102 

0. 

-0.1,04 

0. 

0 . 

1.09 

-3  ,3b 

0 

C 

2 

0.013 

0.077 

0.015 

0.0  34 

0. 

0 . 

U . 

•2.02 

0 

3 

3 

0.011 

0 . 

0. 

-0.114 

-0. 

025 

0 . 

G . 

-1 .18 

0 

0 

4 

c. 

3. 

0. 

G . 

3. 

0 .83 

G .52 

-J  .77 

0 

0 

5 

0.002 

-0.043 

-0.004 

-0.0  30 

-0. 

0 U8 

2.80 

3.45 

1.70 

0 

0 

6 

-0.007 

-0 .0  42 

-0,010 

0. 

3. 

3,33 

2.37 

J .78 

0 

0 

7 

-0.004 

-0.018 

-0.013 

0 . 

-3. 

0 u5 

3,31 

2 .70 

j .87 

c 

l3 

8 

Q . 

0. 

0. 

0. 

0. 

0 . 

-0  .75 

-3  .49 

0 

G 

9 

0 . 

0.091 

0.016 

0.035 

0. 

3 27 

0 . 

0 . 

-6,46 

0 

u 

10 

0 . 

0. 

0. 

0. 

0. 

0. 

0 , 

3 . 

1 

1 

11 

0. 

0. 

0. 

0. 

0. 

0 25 

c . 

L . 

1.06 

1 

2 

12 

0 . 

0. 

-0. 041 

0. 

-0. 

0 55 

-1 . 11 

0 . 

1 .25 

2 

2 

13 

0. 

0. 

G. 

0 . 

0. 

-0.5? 

0 . 

-3.73 

1 

3 

14 

-0,007 

0 . 

0 . 

0 . 

0. 

0 . 

0 . 

J .31 

2 

3 

15 

0. 

-0  .089 

0.  043 

0. 

0.. 

0 . 

0 . 

3.30 

3 

3 

16 

0 . 

0 . 

0.025 

0. 

3 . 

-0.51 

-1.17 

3 . 

1 

4 

17 

0 . 

0.032 

0. 

0.070 

0. 

0 25 

-0.69 

-1  .65 

3 . 

2 

4 

1 8 

-0.006 

0. 

0. 

0. 

-0. 

319 

3 , 

C. 

3 . 

3 

4 

Legend; 
C(l)  = 

C(2)  - 

C(3)  = 

C(4)  = 

C(5)  = 

C(6)  = 
C(7)  = 
C(8)  = 


estimates 

for 

T,/T 
1 P 

estimates 

for 

A /A  - 
pi  P2 

*The  pulse  parameters  are  defined 
in  Tables  4 and  5.  Derivation  of 

estimates 

for 

T /T 

V p 

the  responses  is  covered 

in 

estimates 

for 

A /A  _ 
V p2 

Section  4.2.1 

estimates 

for 

T^/Tp 

estimates 

for 

Velocity 

estimates 

for 

Travel 

estimates 

for 

Intrusion 
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Table  A-12  (Continued) 


I 

C(l) 

C(2) 

C(3) 

C(4) 

C(5) 

C(6) 

C(7) 

C(8) 

I 

J 

19 

-3.011 

0. 

0. 

0. 

a . 

C. 

0 . 

4 

4 

20 

0.003 

-0.014 

-0.004 

-0.017 

-0.  0 10. 

0.23 

0.45 

0 . 

1 

5 

?1 

-0.003 

0. 

-0.010 

0. 

-0  . 014 

0 . 

0 .22 

-a  .27 

2 

5 

22 

0.002 

0. 

0. 

0. 

0. 

0 . 

0. 

-0 .14 

3 

5 

23 

-0.002 

0. 

-0.011 

0. 

0. 

0 .19 

C .33 

3 . 

4 

5 

24 

0.003 

0. 

3. 

0. 

0.. 

0. 

0. 

0 . 

5 

5 

25 

-O.COl 

0.0  18 

0. 

0.019 

0. 

0 . 

0 . 

-0  .29 

1 

6 

26 

0 . 

0. 

0 . 

0. 

0. 

0. 

0.25 

-0  .19 

2 

6 

27 

0.003 

0. 

0. 

0. 

0. 

0 . 

0 . 

-0  .23 

3 

6 

28 

0 . 

0. 

0. 

3. 

0. 

0 . 

0 . 

3 . 

4 

6 

29 

-0.002 

-0. 0C4 

-0.004 

-0.003 

-0.002 

0.22 

0.23 

0.13 

5 

6 

30 

0 . 

0.022 

0.009 

0. 

0. 

0 . 

0 . 

0 . 

6 

6 

31 

a. 

0.018 

0 . 

0.027 

0. 

0.17 

0. 

-a  ,33 

1 

7 

32 

0.003 

0. 

0.010 

0. 

0.. 

0. 

0. 

-0.25 

2 

7 

33 

0.002 

0. 

0. 

0. 

0. 

0. 

-0.19 

-0.37 

3 

7 

34 

0. 

0. 

0. 

0. 

0. 

0 . 

0 . 

-0  .16 

4 

7 

35 

-3. 002 

-0.011 

-0.003 

-0.009 

-0.004 

0.15 

0 .16 

a .11 

5 

7 

36 

0.002 

0. 

0. 

0. 

0. 

0 . 

0. 

3.16 

6 

7 

37 

0. 

0. 

0. 

0. 

0. 

0 . 

0 . 

0 .16 

7 

7 

38 

0 . 

0. 

-0.014 

0. 

-0.  030 

1.08 

2.45 

0 .51 

1 

8 

39 

0. 

0. 

0. 

0. 

0.013 

0. 

0. 

-3.70 

2 

8 

40 

0 • 

3. 

0. 

0. 

0. 

0 . 

0. 

0 . 

3 

8 

41 

-0.007 

0. 

0. 

0. 

0. 

0.54 

0. 

0 . 

4 

3 

42 

-0.002 

-0.025 

n . 

0 . 

0. 

0 . 

0 . 

0 . 

5 

8 

43 

0 . 

0. 

0. 

'0. 

0. 

0. 

0. 

0 . 

6 

8 

44 

0. 

0. 

c. 

-0.017 

-0.009 

0 . 

0 . 

0 . 

7 

3 

45 

0.032 

0. 

-0.033 

0. 

3. 

0 . 

0. 

-1.20 

8 

8 

46 

-0.006 

0. 

0. 

0. 

0. 

0 . 

0 . 

0 . 

1 

9 

47 

0.013 

0. 

0. 

3. 

0. 

0 . 

0. 

0 . 

2 

9 

48 

0.011 

0 . 

0. 

0. 

0. 

0 . 

0 . 

-0.49 

3 

9 

49 

-3.006 

-0.039 

0 . 

0. 

-0.025 

0. 

0 . 

-0  .27 

4 

9 

50 

0 . 

-0.018 

0 . 

0. 

0. 

0 . 

-0.24 

-0.20 

5 

9 

51 

0. 

0. 

G . 

u . 

-0.308 

0 . 

0 . 

-0  .09 

6 

9 

52 

0.002 

0 . 

0.C04 

-0.0 11 

0. 

0 . 

0. 

0.13 

7 

9 

53 

0 . 

0. 

0. 

0. 

0. 

0 . 

0. 

0 . 

8 

9 

54 

-0.012 

0. 

0. 

0. 

0. 

0 . 

-2.02 

0 . 

9 

9 

5 5 

0.117 

0.778 

0.307 

0.550 

3.599 

42.81 

38  .73 

-5.96 

-1-1 

Table  A-13 

Regression  Coefficients  in  Prediction  Model  for  Other  Vehicle 
in  Front-to-Front  Collision  Simulations* 


I 

C(l) 

C(2) 

C(3) 

C(4) 

C(5) 

C(6) 

C(7) 

C(8) 

I 

J 

1 

G . 

-0 . C 18 

Q. 

0.0  71 

3.  0 13 

0 . 

0 . 

-0 .34 

0 

0 

2 

0. 

0. 

-G. 029 

0. 

-0. C IS 

3 . 

0 . 

0 . 

0 

0 

3 

0 . 

G .0  3Q 

0. 

0 . 

3. 

0 . 

0. 

0.36 

0 

0 

4 

0. 

0. 

-0.007 

0.031 

-0..  0 32 

0.28 

0 .41 

0 .83 

0 

0 

5 

3.002 

0. 0 22 

0.311 

0. 

0. 

-2.61  -1.47 

-1.22 

0 

0 

6 

-0.006 

-0.072 

-0.019 

-0.347 

-0.0 11 

2.72 

2 .55 

1.87 

0 

0 

7 

-0 .006 

-0.072 

-0.017 

-0.050 

-3. 009 

2.55 

2.30 

1 .91 

0 

0 

8 

0. 

-0.019 

0. 

0. 

3. 

0 . 

-0.50 

0 .23 

0 

0 

9 

0. 

0.0  34 

-0.005 

0. 

0. 

0 . 

0.45 

-0.30 

0 

0 

10 

0. 

0. 

0. 

0 . 

O:. 

0 . 

0 . 

0 . 

1 

1 

11 

0. 

0. 

0. 

0.069 

0.023 

-0.86  -1.03 

-1  .58 

1 

2 

12 

0.010 

0 . 

0.033 

0 . 

3 . 

0 . 

0 . 

0 . 

2 

2 

13 

0. 

0. 

0. 

0. 

0. 

0 . 

0 .47 

0 .67 

1 

3 

14 

0. 

0. 

0.  oil 

-0.050 

3.023 

0 . 

C . 

0 . 

2 

3 

15 

0. 

0. 

0. 

0. 

0. 

0 . 

0. 

0. 

3 

3 

16 

0. 

0. 

0.007 

0 . 

0. 

-0.19  -0.47 

0 . 

1 

4 

17 

0 • 

0.0  24 

0. 

0. 

-0. 009 

-0.27  -0.74 

0 . 

2 

4 

18 

0. 

-0.022 

0.014 

0. 

0. 

0 . 

0. 

0 .58 

3 

4 

Legend : 

C(l)  = estimates  for  T /T 

1 P 

C(2)  = estimates  for  A ,/A  _ 

pi  p2 

C(3)  = estimates  for  T /T 

V p 

C(4)  = estimates  for  A /A  . 

V p2 

C(5)  = estimates  for  T„/T 

2 P 

C(6)  = estimates  for  Velocity 

C(7)  = estimates  for  Crush 

C(8)  = estimates  for  Intrusion 


*The  pulse  parameters  are 
defined  in  Tables  4 and  5. 
Derivation  of  the  responses 
is  covered  in  Section  4.2.1 


A-27 


I 

19 

20 

21 

22 

23 

2U 

25 

26 

27 

20 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

*♦1 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 


Table  A-13  (Continued) 


C(1) 

C(2) 

C(3) 

C(4) 

C(5) 

C(6) 

C(7) 

C(8) 

I 

J 

0 . 

0.070 

- C . 0 2 5 

0.066 

3. 

0 . 

0. 

-0.64 

4 

4 

0 . 

-0.009 

- G . 0 0 3 

0.0  13 

-0  . G 14, 

0 . 

0. 

0 . 

1 

5 

-0.002 

0. 

-0. 008 

0.0  14 

-0.007 

0 .17 

0 .37 

3 . 

2 

5 

0 . 

0. 

0.002 

0. 

0.0  05 

0 . 

0. 

0 . 

3 

5 

0 . 

0.012 

0. 

0. 

-a. C05 

0. 

C .17 

-a  .16 

4 

5 

0 . 

0. 

0 . 

0. 

a. 

0 .18 

C .19 

0.18 

5 

5 

0 . 

0 . 

0. 

-0.030 

0.  0C8 

0 . 

G. 

0.13 

1 

6 

0 . 

-0.008 

0.007 

0. 

0.004 

0 .08 

0. 

-0  .25 

2 

6 

0 . 

-0. 0 lu 

0. 

0. 

a. 

0 . 

0 . 

3.11 

3 

6 

0. 

-0.012 

-0.003 

0 . 

0.004 

0.11 

G .13 

0 .16 

4 

6 

-0.000 

-0.0  05 

0. 

-0. 0 07 

a. 

-0.16 

-0.07 

-0.05 

5 

6 

0 . 

0. 

0.002 

0. 

a. 

0 . 

0 . 

0 . 

6 

6 

0. 

0.007 

0. 

-0.0  28 

a. 

0 . 

0 . 

0 . 

1 

7 

0 . 

0. 

0.  005 

0. 

0.  0C5 

0 . 

0. 

-0  .23 

2 

7 

0 . 

-0.020 

0. 

0. 

a. 

0. 

-0.19 

0.24 

3 

7 

0 . 

-0. 0 15 

0. 

-0.0  15 

a. 

0 . 

G . 

0 . 

4 

7 

-0.000 

-0.007 

0. 

-0.009 

0.0  03 

-0  .18 

-0  .14 

-0,06 

5 

7 

0 .001 

0.0  07 

0.004 

0.013 

0.  002 

0. 

-0  .08 

0 .11 

6 

7 

0 . 

0.019 

0. 

0.023 

0.004 

0 . 

0. 

0 . 

7 

7 

0 . 

0. 

0. 

0. 

a. 

0 . 

0 .67 

-0.25 

1 

8 

0 . 

-0.048 

c . 

0 . 

0. 

0 . 

0. 

0 . 

2 

8 

0 . 

0. 

0. 

0. 

0.020 

0 . 

0. 

0 . 

3 

8 

-0.006 

-0 .0  31 

0. 

0. 

-0.018 

0.63 

0 .97 

0 . 

4 

8 

-0.001 

0. 

-0.003 

0. 

-0. 0D9 

0 . 

0. 

-0.13 

5 

8 

0.002 

0.C17 

0. 

0. 

0.310 

0. 

C. 

0 . 

6 

8 

0.001 

0. 

0.002 

0 . 

0. 

0 . 

0 . 

0 . 

7 

8 

3. 

-0.075 

0.015 

0 . 

0. 

0 . 

0. 

1.93 

8 

H 

-0.006 

0.0  «*9 

-0.008 

0.048 

0. 

0. 

0 . 

0 . 

1 

9 

0 . 

0. 

0.010 

0. 

-0.016 

0 . 

0. 

0.78 

2 

9 

0 . 

0. 

0. 

0. 

-0.018 

0 . 

0 . 

-0  .53 

3 

9 

-0.005 

0. 

-0.008 

0.090 

0. 

0 . 

G . 

0 .40 

4 

9 

0.001 

-0.013 

0.005 

0 . 

0. 

0 . 

G . 

0 . 

5 

9 

0 . 

0. 

Q. 

-0.009 

a. 

0, 

0. 

0 . 

6 

9 

0 . 

-0.008 

Q . 0 0 5 

-0.022 

3.. 

0 . 

0 . 

0 . 

7 

q 

0. 

0. 

0. 

-0.071 

0. 

0 . 

0 . 

0 . 

8 

9 

0 . 

0. 

0.017 

0 . 

0.  G55 

-1.67 

-2.45 

0 . 

9 

9 

3.136 

0 .6  81 

0.241 

0.237 

a.  545 

3 8.59 

34.30 

11.15- 

I- 

-1 
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Table  A- 14 


Regression  Coefficients  in  Prediction  Model  For  RSV  in  Front- 
to-Side  (RSV  in  Front)  Collision  Simulation 


I 

C(1) 

C(2) 

C(3) 

C(4) 

C(5) 

C(6) 

C(7) 

C(8) 

I 

J 

1 

0. 

-0.159 

0 . 

-3.205 

-3.  G 14 

0 . 

1.62 

1 . U 

0 

3 

p 

-0,011 

0 .0  66 

0 . 

0 . 

3 . 

0 , u 4 

■ 0, 

- J , 1 5 

0 

u 

3 

0 . 

0. 

0. 

0. 

0. 

0. 

G . 

Lt  • 

0 

T 

J . 

■ 0. 

-0.041 

G . 0 5 0 

-0.  ..  23 

0 .oO 

C . 7 4 

- : 9 

0 

3 

5 

0 . 

3.024 

0 . 

-J  . 3 34 

- 3 . U U 4 

G .87 

1.15 

3 . C 7 

n 

6 

-0.035 

0 . 

-u. 0?7 

-0.0  42 

-0.024 

2.83 

3 .17 

0.21 

0 

0 

7 

0. 

0. 

0. 

0 . 

3. 

0. 

0. 

0 . 

0 

0 

8 

0 . 

0. 

0. 

0 . 

3 . 

- 0 . 2 0 

-0.63 

■j  . 0 7 

0 

n 

9 

-0 .026 

0 . 

-0.013 

G . 

-0.0  27 

-0.46 

-0.43 

-6,31 

0 

'3 

1C 

0 . 

0. 

0 . 

3 . 

u . 

0 . 

C. 

3 . 

1 

1 

11 

0 . 

0 . 

0 . 

0 . 

0.  0 15 

0 . 

0.67 

3 . 

1 

2 

12 

0 . 

0 . 

0.036 

0 . 

u . 

0 . 

0 . 

J . 1 1 

2 

2 

13 

0 . 

c. 

G. 

0. 

3 . 

-0.63 

-0.9  0 

-3.11 

1 

3 

14 

0 . 

0. 

0. 

-0, 0 37 

-0.  0 15 

0.27 

C .5  9 

3 . 

2 

3 

15 

0. 

0.103 

0. 

0.124 

0. 

0.90 

1.44 

3 . 

3 

3 

16 

0.016 

0.043 

0. 

0.042 

0.  0 17 

0 .o5 

1 .00 

-3.10 

1 

4 

17 

0. 

0. 

0. 

0. 

0 . (i  17 

0 . 

c . 

3,22 

2 

U 

la 

-0.030 

c. 

-0.024 

0 . 

J • 

C . 

c . 

3 . 

3 

■4 

Legend; 

C(l)  “ estimates  for  T, /T 

1 P 

C(2)  - estimates  for  A , /A  - 

pi  p2 

C(3)  " estimates  for  T /T 

V p 

C(4)  ■ estimates  for  A /A  « 

V p2 

C(5)  ■ estimates  for  T«/T 

2 P 

C(^)  * estimates  for  Velocity 

4 

C(7)  “ estimates  for  Travel 
C(8)  « estimates  for  Intrusion 


*The  pulse  parameters  are  defined 
in  Tables  4 and  5,  Derivation  of 
the  responses  is  covered  in 
Section  4.2.1 
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Table  A-Ia  (Continued) 


I 

C(l) 

C(2) 

C(3) 

C(4) 

C(5) 

C(6) 

C(7) 

C(8) 

1 

J 

19 

0. 

-0.050 

0. 

0. 

0. 

-0.96 

-1.44 

0 . 

4 

4 

20 

0.004 

0. 

0. 

0.017 

0. 

-0.13 

0. 

u • 

1 

5 

21 

-0.015 

0. 

-0.013 

0.017 

-0.014 

0. 

0. 

-Q  .03 

2 

5 

22 

-0.005 

0. 

0. 

0. 

0. 

0.12 

0.20 

li  .02 

3 

5 

23 

0.006 

0. 

0.006 

0. 

-0:.  0 08 

O.IQ 

0. 

0 • 

4 

5 

24 

-0.006 

0. 

-0.005 

0. 

0. 

-0.13 

-0.25 

-0.05 

5 

5 

25 

0. 

0.0  26 

0. 

0.014 

-0.017 

0.21 

0.38 

Q .20 

1 

6 

26 

0.005 

0.010 

0.  005 

-0.013 

0. 

0. 

0 . 

-C  .05 

2 

6 

27 

0. 

0.015 

0. 

-0.013 

-0.006 

0. 

0. 

-0  .02 

3 

6 

28 

0. 

0. 

0.009 

0. 

0.011 

0. 

0 . 

-U  .02 

4 

6 

29 

-0.002 

0. 

-0.004 

-0.011 

-0.003 

0.10 

0.2  0 

-0  .01 

5 

6 

30 

0.006 

-0.020 

0. 

0.015 

0. 

-0.11 

0 . 

-0  .07 

6 

6 

31 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0 . 

1 

7 

32 

0. 

0. 

0. 

0. 

0:. 

0 . 

0. 

0 . 

2 

7 

33 

0. 

0. 

0. 

0. 

0. 

0 . 

0. 

0 . 

3 

7 

34 

0. 

0. 

0. 

0. 

0. 

0 . 

0. 

u • 

4 

7 

35 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0 . 

5 

7 

36 

0. 

0. 

0. 

0. 

0.. 

0. 

0. 

0 . 

6 

7 

37 

0 . 

0. 

0. 

0. 

0-. 

0. 

0. 

0 . 

7 

7 

38 

0. 

0.0  37 

0. 

0. 

0. 

0.47 

1.16 

-0  .08 

1 

8 

39 

-0.024 

-0.035 

-0.020 

0. 

0. 

0. 

0. 

0.13 

2 

8 

40 

-0.027 

-0.045 

0. 

0. 

0. 

0. 

0. 

0 .08 

3 

8 

41 

0. 

0. 

0. 

0.058 

0. 

0. 

-0.55 

-0  .09 

4 

8 

42 

0. 

0. 

0. 

0. 

0. 

-0.11 

-0  .30 

Cl  . 

5 

8 

43 

0. 

-0.016 

-0.004 

0. 

a. 

0 . 

0. 

0.02 

6 

6 

44 

0. 

0. 

0. 

0. 

0. 

0 . 

0. 

0 . 

7 

8 

45 

0. 

-0.116 

0. 

0. 

0. 

0. 

■0  . 

-D  .2C 

8 

8 

46 

-0.024 

0. 

0. 

0. 

a. 

0 . 

0 .63 

-n  .25 

1 

9 

47 

4"i 

-0.021 

0. 

-0.015 

0. 

3. 

-0.37 

-Q.97 

-0 .12 

2 

9 

0. 

0. 

0. 

0.0  60 

0.0  27 

0 . 

C . 

. 

? 

9 

49 

0. 

-0.065 

-0.020 

0. 

0. 

0 .37 

0. 

0 . 

4 

9 

50 

0. 

0. 

0.005 

0. 

O:. 

-0.10 

-0.21 

0 . 

5 

9 

51 

0.008 

0. 

0.012 

0.0  12 

0.  oor 

0. 

0. 

0 «0& 

6 

9 

52 

0 . 

0. 

0. 

0. 

0. 

0. 

0. 

0 . 

7 

9 

53 

0. 

0. 

0. 

0.062 

-0.017 

0 .56 

0.84 

3 . 

8 

9 

54 

0 . 

0. 

0. 

0. 

0. 

Q. 

-1.14 

0 . 

9 

9 

55 

0.237 

1.153 

0.434 

0.430 

0.623 

18.50 

20  .40 

-5.13- 

-1-1 
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Table  A-15 

Regression  Coefficients  in  Prediction  Model  for  Other  Vehicle 
in  Front- to-Side  (RSV  in  Front)  Collision  Simulation* 


1 C(l) 

1 -0.606 

2 0 . 15':! 

3 0. 

0 . 

5 -0.5«7 

6 0.997 

7 0. 

^ 0 . 1^46 

9 0. 

10  0 . 

11  -0.P56 

12  0. 

13  0. 

14  0. 

15  0 . 

16  0. 

17  0. 

18  C . 


C(2) 

6.190 

0 . 

0  . 

0 . 

1.0  19 
0.715 

0  . 

-3.512 

0 . 

] . 

1.726 

0 . 

0 . 

0 . 

2.246 

0 . 

0 . 

0 . 


C(3) 


-1.547 

0. 

0. 

0. 

0. 

1.921 

0. 

0. 

0. 

0. 

-0.242 

0. 

0. 

0. 

0. 

0. 

0. 

0. 


C(4) 


-1 .851 

0 . 

0. 

0. 

0.554 
3.4  56 

0 . 

0 . 

0 . 

0 . 

0. 

-0 .867 

0 . 

0. 

0 . 

0. 

0 . 

0 . 


I  J 


0 0 

0 0 

0 c 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

1 1 

1 2 

2 2 

1 3 

2 3 

3 3 

1 u 

2 4 

3 4 


Legend : 

C(l)  = estimates  for  Equivalent  Square  Wave 
C(2)  = estimates  for  Time  (milliseconds) 
C(3)  = estimates  for  Intrusion  (inches) 

C(4)  = estimates  for  Slope  (mph) 


*Derivation  of  response 
data  is  covered  in 
Section  4.2.1 
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I 

19 

?0 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

4 6 

47 

43 

49 

50 

51 

52 

53 

54 

55 


Table  A-15  (Continued) 


C(l) 

0.179 

0 . 

0 . 

C . 

0 . 

0. 

0 . 070 
0.043 

n . 

0 . 

-0.120 

-0.025 

0 . 

0 . 

0. 

0 . 

0 . 

0. 

0. 

-0. 210 
0 . 192 

0. 

0 . 

0 . 

0 . 

0 . 

0. 

-0.103 
-0 . 140 

0 . 

0 . 

0 . 

0 . 
n . 

G . 

c . 

5 . 656 


C(2) 
-2.034 
-0 . -01 

0 . 

0 . 

0 . 

0 . 

-1 .097 

0 . 

0 . 

0 . 

0 . 

-0 ,u21 

0 . 

0 . 

n . 

0 . 

0 . 

0 . 

0 . 

3 .791 
-0.701 

0 . 

-1  .339 

0 . 

0 .435 

0 . 

0 . 

0 . 

0 . 

0 . 
j • 

0 . 

0.338 

0 . 

0 .919 
-3.357 
112 .762 


C(3) 

0.356 

0. 

0. 

0. 

0. 

0. 

-0.182 

0.139 

0. 

0. 

0.047 

0.145 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0.243 

0.346 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

-3.074 

-0.094 

0. 

-0.359 
-0.555 
7.36  1 


C(4) 

0 .7  10 
-0.1 22 

0 . 

0 . 

0 . 

0. 

-0 .3  74 

0. 

0 . 

0. 

0.272 
0 .293 

0 . 

0 . 

0 . 

0 . 

0 . 

0 . 

0. 

0. 

0. 

0 . 

0 . 

-0.169 

0 . 

0 . 

1.4  46 
-0  .463 

0 .663 

0 . 

0. 

0 . 

0 . 

0 . 

-0.345 

0 . 

9.5  12 


1 
4 
1 

2 

3 

4 

5 
1 
2 

3 

4 

5 

6 
1 
2 
3 
u 

5 

6 
7 
1 
2 
3 


5 

6 

7 

8 
1 
2 
3 


4 

5 

6 
7 
3 
9 
1 


J 

4 


8 

6 

3 

8 

3 

A 

9 

9 

9 

9 

9 

9 

9 

9 

q 

-1 
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Table  A- 16 


Regression  Coefficients  in  Prediction  Model  for  RSV  in  Front- 
to-Rear  Collision  Simulation 


I 

C(l) 

C(2) 

C(3) 

C(4) 

C(5) 

C(6) 

C(7) 

C(8) 

I 

J 

1 

-0.008 

-0  .184 

0. 

-0.190 

0.  031 

0.22 

2 .33 

u 

.79 

0 

0 

2 

0. 

-0.170 

0. 

-0.197 

-0. 042 

0 . 

-0.79 

”0 

.43 

0 

0 

3 

0 . 

-0.049 

0 . 

0 . 

0. 

0 . 

0.23 

0 

• 

0 

0 

4 

-0  . OOd 

0. 

0. 

0. 

-0.0  14 

0 . 

0 . 

-0 

.45 

0 

0 

5 

0.024 

0. 

0.  025 

0.024 

J • 

1.11 

1.31 

1 

• 

0 

a 

6 

-0.019 

0.0  31 

-0.027 

-0.069 

-0. 025 

1.75 

1 .4*+ 

0 

.11 

0 

0 

7 

-0.017 

0.141 

-0. C17 

C. 

0. 

0 . 

-0.38 

0 

• 

0 

c 

8 

0 . 

0.157 

0.022 

0. 

0.0  33 

-0.12 

0.19 

- J 

.02 

0 

0 

9 

0. 

0. 

0. 

0 . 

n 

J . 

0 . 

0 . 

■_/ 

• 

1 

1 

10 

-0 .047 

0. 

-0.028 

G. 

0 . 

0 , 

0 . 

3 

.14 

1 

2 

11 

0 . 

0. 

G . 048 

-0.138 

0. 

-0.41 

0 . 

u 

• 

2 

2 

12 

0 . 

0.068 

0. 

0.271 

0. 

0.25' 

0.47 

f) 

.06 

1 

3 

13 

0.017 

0 . 

0. 

0. 

0.  J 19 

-0  .26 

-0  .34 

-0 

.0  6 

2 

3 

14 

0.035 

0.411 

0 . 

0.291 

0.  077 

0 . 

0 . 

0 

• 

3 

3 

15 

0 .036 

0.271 

0.028 

0.104 

0.044 

0 .76 

0.64 

-0 

.32 

1 

16 

0. 

-0.254 

0. 

-0.087 

0. 

0 . 

0 . 

-0 

.07 

2 

4 

17 

0.012 

0.226 

0 . 

0. 

3. 

0 . 

C . 

J 

.12 

3 

4 

18 

-0.066 

-0.267 

-0.090 

0. 

-0. 072 

0 .43 

0.57 

r\ 

J 

• 

4 

4 

Legend; 

C(l)  = estimates  for  T, /T 

Ip 

C(2)  - estimates  for  A /A  _ 

pi  P2 

C(3)  “ estimates  for  T /T 

V p 

C(4)  = estimates  for  A /A  » 

V pz 

C(5)  = estimates  for  T_/T 

Z p 

C(6)  * estimates  for  Velocity 

C(7)  " estimates  for  Travel 

C(8)  “ estimates  for  Intrusion 


*The  pulse  parameters  are  defined 
In  Tables  A and  5.  Derivation  of 
the  responses  Is  covered  In 
Section  4.2.1 
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Table  A-16  (Continued) 


I 

C(l) 

C(2) 

C(3) 

19 

0. 

-0.024 

-0.007 

20 

0.009 

0.110 

0.009 

21 

•0.006 

0. 

-0.007 

22 

0.017 

0. 

0.015 

23 

0.011 

0.0  67 

0.011 

24 

0 .004 

0.0  31 

0. 

25 

-0.014 

0.107 

-0.021 

26 

0.005 

0.0  62 

0. 

27 

-0.014 

-0.023 

-0.011 

28 

0.002 

0.  0 26 

0.00? 

29 

0.006 

0. 

-0.004 

30 

0.022 

0.154 

0. 

31 

-0.020 

-0.443 

-0.038 

32 

0.016 

0. 

0.024 

33 

0.041 

0.4  37 

0.051 

34 

0. 

-0.058 

0. 

35 

-0.005 

-0.029 

-0.004 

36 

-0.038 

0.381 

0. 

If 

37 

-0.029 

-0.130 

0. 

i ■ 

38 

0.009 

0.0  79 

0. 

i 

39 

-0.054 

0. 

-0.072 

1"' 

40 

0. 

0.210 

-0.022 

Pi 

41 

0. 

-0.022 

0.004 

F'' 

42 

0.002 

-0.048 

-0.004 

43 

-0.027 

0. 

0. 

44 

0.058 

0. 

0.096 

jli 

45 

0.093 

0.300 

0.292 

S!! 


C(4) 

C(5) 

C(6) 

C(7) 

C(8) 

I 

J 

0. 

-0.007 

-0*21 

0. 

3.05 

1 

5 

0.054 

0*011 

0 .08 

0. 

-0 .0  8 

2 

5 

0. 

0.0  05 

0 .08 

0.16 

3.06 

3 

5 

0. 

0.006 

-0.16 

-0i21 

-0  .03 

4 

5 

0.040 

0.  Oil 

0. 

0. 

0.04 

5 

5 

0.024 

-0.007 

0.12 

0.  , 

3.11 

1 

6 

0.027 

0. 

0.08 

0. 

3 . 

2 

6 

0. 

0.006 

0. 

0. 

3.06 

3 

6 

-0. 0 20 

0. 

0 . 

L • 

0.32 

4 

6 

0.019 

a . 

0.13 

C .3  3 

3.02 

5 

6 

0 . 0 45 

0. 

-0  .1  8 

-0  ,09 

- J , 0 3 

■■) 

0. 

0 . J 1 3 

0.20 

n , w 5 

J . J 6 

1 

7 

C . 

-3.652 

-0  ,'l 

.5  9 

j • 

2 

7 

0.063 

0.0  22 

0 . 

0 * 

J . 

5 

-r 

/ 

0.^25 

0.  Q72 

Cl . hO 

0.39 

J • 

4 

7 

-0.051 

0. 

-0 .09 

0 . 

-0.03 

5 

7 

0. 

-0,007 

0.05 

0 .10 

0. 

6 

7 

0. 

-0.047 

0. 

0 . 

0 .23 

7 

7 

0. 

0. 

0. 

0. 

-0.16 

1 

8 

0. 

0. 

0.46 

0.40 

-0  .09 

2 

8 

0. 

0. 

0.82 

1 .49 

0 . 

3 

8 

0.061 

0.020 

0.33 

0. 

-0.24 

4 

8 

0. 

0.  006 

0. 

0 . 

-3.37 

5 

8 

-0.018 

-0.007 

0. 

0. 

0 . 

6 

8 

0. 

0. 

0.29 

0. 

0.27 

7 

6 

0. 

0.106 

0. 

-0.6  7 

0 . 

8 

8 

-0.042 

0.507 

17.85 

16.51 

-7.04- 

1-1 

i 

.1 
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Table  A- 17 


Regression  Coefficients  in  Prediction  Model  for  RSV  in  Front- 
to-Barrier  Collision  Simulation* 


I 

C(l) 

C(2) 

C(3) 

c(4) 

C(5) 

C(6) 

C(7) 

C(8) 

I 

J 

1 

0 . 

-0.131 

0.029 

-0.057 

0. 

-1.67 

-1  .76 

-0  .65 

0 

0 

2 

0 . 

0.132 

0. 

0.160 

-0.053 

0.79 

-2.7  3 

-2.16 

0 

0 

3 

0 . 

0. 

0. 

-0.095 

0. 

0.32 

-1 .78 

-1  .50 

0 

0 

4 

Q. 

0. 

0. 

0.214 

0. 

0.38 

0. 

-0 .93 

0 

a 

5 

0 . 

0. 

0. 

0. 

0. 

0. 

0. 

0 . 

0 

0 

6 

-0.004 

0.0  33 

-0.017 

0.017 

-0.005 

5.74 

4.24 

1.94 

0 

0 

7 

-0,016 

0. 

0. 

0 . 

0.0  33 

-0.97 

-2.11 

-0  .50 

0 

0 

3 

0 . 

0. 

0. 

-0.058 

0 . 

-1.12 

0 . 

-6.53 

0 

0 

9 

0 . 

0. 

0. 

0. 

0. 

0 . 

0 . 

0 . 

1 

1 

10 

-0.046 

0. 

-0.017 

0 . 

0.  0 30 

-1 .78 

0 . 

1.41 

1 

2 

11 

0 . 

0. 

0.055 

0. 

0.090 

0 . 

0 . 

0.56 

2 

2 

12 

0. 

0 . 

0. 

0.  * 

0. 

0 . 

-1.09 

0 . 

1 

3 

13 

0.017 

0.075 

0. 

0. 

0. 0 30 

0 . 

-0  .90 

0 . 

2 

3 

14 

0. 

0. 

0. 

0. 

0. 

0 . 

C . 

1.06 

3 

3 

15 

0.026 

0.058 

0. 

0.  ; 

0. 

0 . 

0.34 

J .43 

1 

4 

16 

-0.019 

0. 

0. 

0.0  46 

0.  az9 

-1.05 

0 . 

t .21 

2 

4 

17 

0,010 

0.069 

0,  oiq 

0. 

0.053 

-P  .4  1 

0 . 

u • 

3 

18 

0.027 

0. 

0. 

0. 

3. 

0 . 

n . 

- ) . b 8 

- 

Legend  t 

C(l)  “ estimates  for 

C(2)  - estimates  for  parameters  are 

defined  in  Tables  4 and  5. 

C(3)  - estimates  for  T /T 

^ P Derivation  of  the  responses 

C(4)  “ estimates  for  is  covered  in  Section  4.2.1 

C(5)  - estimates  for 

C(6)  “ estimates  for  Velocity 

C(7)  “ estimates  for  Travel 

C(0)  • estimates  for  Intrusion 
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I 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 


Table  A-17  (Continued 


C(1) 

C(2) 

C(3) 

C(A) 

C(5) 

C(6) 

C(7) 

C(8) 

I 

0. 

0. 

0. 

0. 

0. 

G . 

n. 

u . 

1 

0. 

0. 

0. 

G . 

0. 

0 . 

0 . {)  . 

2 

0. 

0. 

0. 

0. 

J • 

0 . 

0. 

3 , 

3 

0. 

0. 

0. 

0. 

0. 

C . 

c . 

J , 

4 

0. 

0. 

0. 

0. 

3. 

0 . 

0 . 

3 • 

5 

0.003 

0.0  64 

0. 

0.073 

3. 

0 . ?6 

-0.90  -O.bo 

1 

0.010 

0.0  29 

0.01? 

0.  0 37 

a.  Oil 

0. 

-0.39  -3.49 

2 

0.005 

0. 

0. 

P. 

3. 

0 . 

-0.79  -0.62 

3 

0. 

0. 

0. 

0. 

0. 

0. 

-0  .27  -0  .23 

4 

0. 

0. 

0. 

0. 

0. 

0 . 

0. 

0 . 

5 

0.005 

0. 

0. 

-0.023 

0. 

0. 

0. 

0,30 

6 

0.021 

0. 

0. 

0. 

0. 

0 . 

0 . 

-0.25 

1 

0. 

0. 

-0.013 

^0.0  64 

-0,0  46 

0 .50 

0. 

0 . 

2 

0. 

0. 

0. 

0.078 

—0 . 0 38 

0. 

1.07 

0.71 

3 

0.024 

0.091 

0. 

-0.053 

O'. 

0. 

0. 

0 . 

4 

0. 

0. 

0. 

0. 

0. 

0 . 

0. 

D . 

5 

0.005 

0. 

0.010 

0. 

0.015 

-0.22 

-0.44  -0,14 

6 

0. 

0. 

0. 

0. 

9. 

0. 

0. 

0 . 

7 

-0.015 

-0.082 

0. 

-0.061 

-0  . 0 24 

-0.49 

0. 

0 . 

1 

0.019 

0.0  54 

0.044 

0. 

0.028 

-0.46 

-1.36  -0.84 

2 

0.028 

0.154 

0.044 

0.078 

0.0  42 

0. 

-0.64  -0.50 

3 

-0.014 

0. 

0. 

-0.093 

0. 

0. 

0.82  -0.70 

4 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0 . 

5 

-0.004 

-0.046 

-0.009 

0. 

-9. 0 14 

0. 

0. 

0 . 

6 

0.017 

0. 

0. 

0.042 

0. 

0 . 

1.20 

0 . 

7 

-0.025 

0. 

0. 

0.260 

0. 

1.35 

2.29 

0 . 

8 

0.121 

0.9  09 

0.374 

0.802 

9.596 

4 0,.  9 6 

32.26  -3.83 

-!• 

5 

5 
•3 
3 

6 
b 
6 
6 
6 
6 
7 
7 
7 
7 
7 
7 

7 

8 
8 
8 
8 
8 
8 
9 
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Table  A-l'8 


Regression  Coefficients  in  Prediction  Model  for  Other  Vehicle 
in  Front-to-Sie  (RSV  in  Side)  Collision  Simulation* 


I 

C(l) 

C(2) 

C(3) 

C(4) 

C(5) 

C(6) 

C(7) 

C(8) 

I 

J 

1 

0.009 

0.029 

0 . 

0.0  35 

0. 

- 1 . 3 u 

- 0 * 

-0  .42 

3 

0 

2 

-0.016 

3.138 

-0.056 

-0.188 

0.023 

5.1^ 

5.36 

0 .59 

3 

0 

0.060 

0.189 

U.  099 

0. 

-0.012 

0 . 

-1.34 

0.54 

0 

0 

4 

0 . 

-0.021 

0. 

-0.0  31 

0. 

0.1^ 

0 . 

0 . 

1 

1 

5 

-0.010 

n .0  56 

-0.005 

C.  0 63 

-0.009 

-0.38 

-C  .35 

-0.14 

1 

c 

6 

0 . 

-0.244 

0. 

0. 

0. 

0 . 

0 . j4 

0 . 

2 

2 

7 

0. 

0. 

0.008 

0 . 

0. 

G . 

0 . 

-0  .20 

1 

3 

8 

0 . 

0 . 

-0.018 

-0.329 

-0. 013 

0 . 

-0.44 

0.23 

2 

3 

9 

0 . 

0.265 

3.045 

0. 

0.067 

0 .15 

0.99 

0 . 

3 

3 

10 

■3.20  4 

1 .496 

0. 382 

1.746 

0.  30C 

16.57 

12  .59 

1.92- 

1 

-1 

Legend 
C(l)  = 

estimates 

for 

T./T 
1 P 

C(2) 

- 

estimates 

for 

A ./A  , 
pi  p2 

C(3) 

m 

estltnates 

for 

T /T 

V p 

C(4) 

- 

estimates 

for 

\^%2 

C(5) 

as 

estimates 

for 

T^/Tp 

C(6) 

m 

estimates 

for 

Velocity 

C(7) 

m 

estimates 

for 

Travel 

C(8) 

m 

estimates 

for 

Intrusion 

*The  pulse  parameters  are  defined 
in  Tables  4 and  5.  Derivation  of 
the  responses  Is  covered  in 
Section  4.2.1 
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Table  A- 19 


Regression  Coefficients  in  Prediction  tfodel  for  RSV  in  Front- 
to-Side  (RSV  in  Side)  Collision  Simulation* 


1 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 


C(l) 

0.  327 
1.831 
0 . 998 

0 . 

0 . 1C7 
-0 . 485 
0 .067 

0 . 

-0 . 428 
9.515 


C(2) 

3.339 

7.292 

-10.542 

-0.424 

0 . 

1.708 

-3.453 

0 . 

4.958 
89 . 313 


C(3) 

0 . 

3.487 

-1.848 

0 . 

0.263 

-0.835 

0 . 

-0.830 

3 . 

11.284 


C(4) 

0.872 

4. 712 

-5.200 

0. 

C.561 

0 . 

-0.287 

-2.550 

1.450 

11.325 


1 J 

0 0 

0 Q 

0 c 

1 1 

1 2 

2 2 

1 3 

2 3 

3 3 

-1  -1 


Legend: 

C(l)  = estimates  for  Equivalent  Square  Wave 
C(2)  = estimates  for  Time  (milliseconds) 
C(3)  = estimates  for  Intrusion  (inches) 

C(4)  = estimates  for  Slope  (mph) 


*Derivation  of  response 
data  is  covered  in 
Section  4.2.1 
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APPENDIX  B 


SUPPLEMENT  TO  "COMMENTS  OF  FORD  MOTOR  COMPANY  ON  ’ANALYSIS 

OF  EFFECTS  OF  PROPOSED  CHANGES  TO  PASSENGER 

CAR  REQUIREMENTS  OF  MVSS  208’" 

December  10,  1974 


General  Reference  No.  256(3) 

Ford  Motor  Company  response  to  Docket  69-7, 
October  9,  1974 


B-IA 


Ford  Motor  Company 


The  American  Road 
Dearborn,  Michigan  48121 

December  10^  1974 


National  Highway  Traffic 
Safety  Administration 
Docket  Section  - Room  5108 
400  Seventh  street,  S.  W. 
Washington,  D.  C.  20590 

Gentlemen : 


Re:  NHTSA  Cost  Effectiveness  Study 

of  FMVSS  208  (Docket  74-14;  Notice  1) 

Ford  submitted,  on  October  9,  1974,  its  comments 
to  the  National  Highway  Traffic  Safety  Administration 
report,  "Analysis  of  Effects  of  Proposed  Changes  to 
Passenger  Car  Requirements  of  MVSS  208".  These  comments 
are  filed  as  General  Reference  No.  256(3)  in  Docket  69-7. 

The  attached  material  is  a supplement  to  the 
Ford  submission  of  October  9 and  is  intended  to  explain 
the  schedule  of  injuries  and  costs  that  were  the  basis 
for  the  benefit  assessments  appearing  in  the  Ford  comments. 

Respectfully  submitted. 
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SUPPLEMENT  TO  "COMMENTS  OF  FORD  MOTOR  COMPANY  ON  'ANALYSIS  OF  EFFECTS 
OF  PROPOSED  CHANGES  TO  PASSENGER  CAR  REQUIREMENTS  OF  MVSS  208'" 


Determination  of  Dollar  Values 
Assigned  to  Fatalities  and  Injuries 


Attachment  II  of  "Comments  of  Ford  Motor  Company  on  'Analysis  of  Effects  of  Proposed 
Changes  to  Passenger  Car  Requirements  of  MVSS  208'"  (1)  contains  information  on  two 
parameters:  the  number  of  injuries,  distributed  by  the  degree  of  severity,  and  the 

average  dollar  loss  associated  with  each  level  of  injury.  These  are  repeated  below,  in 
Table  1.  The  purpose  of  this  Supplement  is  to  explain  how  Ford  arrived  at  these  figures 
and  to  show  the  basis  for  their  comparability  with  values  presented  by  NHTSA. 


Table  1 


Number  of 

In juried  Car  Occupants, 
and  Associated  Dollar 

Distributed  By  Severity, 
Loss  (Ford) 

CLASSIFICATION 

NUMBER 

DOLLAR  LOSS 

Fatal 

46,000 

$236,000 

Serious 

77,000 

98,000 

Moderate 

415,000 

26,000 

Minor 

1,170,000 

1,670 

TOTAL 

1,700,000 

— 

Basic  Data  Sources 


The  distribution  of  fatalities  and  injuries  shown  in  Table  1 was  developed  by  Ford 
from  National  Safety  Council  (NSC)  and  Calspan  ACIR  data.  The  dollar  values  were 
developed  from  loss  estimates  contained  in  the  NHTSA  staff  report,  "Societal  Costs  of 
Motor  Vehicle  Accidents"  (2) . While  Ford  does  not  necessarily  agree  that  the  societal 
loss  dollars  advanced  by  NHTSA  in  (2)  are  either  correct  or  appropriate.  Ford  used  them 
at  face  value  as  a working  assumption  for  purposes  of  analysis.  The  development  of 
both  the  injury  distribution  and  the  dollar  loss  values  will  be  detailed  below. 

Previous  Ford  Analyses 

The  EFU  scale.  As  discussed  in  detail  in  previous  analyses  (3,4),  Ford  had  devised 
an  injury  valuation  scale,  based  on  the  injury  schedule  shown  in  Table  1,  expressed  in 
terms  of  "equivalent  fatality  units"  (EFU) . While  Ford  expressly  declined  in  those 
studies  to  endorse  specific  dollar  loss  values  for  fatalities  and  injuries,  the  injury 
weighting  values  were  selected  by  Ford  to  be  in  direct  proportion  to  dollar  loss  amounts 
published  by  NHTSA  in  (2),  as  shown  in  Table  2. 


December  10,  1974 


Table  2 


Total  Number  of  Traffic  Injuries,  Distributed  By  Severity, 
and  Associated  Dollar  Loss  (NHTSA) 


NHTSA  INJURY  RELATIVE 


CLASSIFICATION 

NUMBER 

DOLLAR  LOSS 

WEIGHTi: 

Fatal 

55,000 

$200,000 

1.0 

Permanent  and 
Total  Disability 

8,000 

260,000 

1.  3 

Partial 

Disability 

250,000 

67,000 

.33 

No  Permanent 
Disability 

3,545,000 

2,500 

.012 

TOTAL 

3,900,000 





Ford  revision  based  on  NHTSA  discussions.  Ford  and  ffflTSA  personnel  met  in  July 
(as  described  on  page  5 of  (1))  to  discuss  the  appropriate  statistical  bases  for  cost 
benefit  analyses.  NHTSA  representatives  pointed  out  that  their  dollar  loss  values 
had  originally  been  generated  for  an  jnjm'y  breakdown  (see  Table  2)  defined  differently 
than  that  used  by  Ford;  the  NHTSA  distribution  not  only  was  partitioned  in  a different 
way,  but  the  total  number  was  quite  different.  To  resolve  tills  discrepancy,  NHTSA 
suggested  that  Ford  continue  to  use  the  weighting  indicated  in  Table  2 for  its  EFU 
scaling  but  revise  its  injury  classification  system  to  be  consistent  with  the  NHTSA 
scaling.  Ford  agreed  it  was  necessary  to  revise  its  derivation  cf  Injury  values  — but 
concluded  it  was  more  appropriate  to  retain  its  original  nouie.nclature  for  injury  levels, 
and  to  adjust  Instead  the  dollar  loss  values  so  they  would  correspond  to  that  breakdown, 
which  are  the  figures  used  in  Attachment  II  of  (1)  and  listed  in  Table  1.  The  two 
alternatives  — NHTSA' s recommendation  or  Ford's  procedure  — are  essentially  equiva- 
lent: injury  frequencies  can  be  distributed  according  to  a prior  schedule  of  dollar 

loss  values,  or  dollar  loss  values  can  be  rescheduled  to  match  a prior  distribution  of 
injury  frequencies.  Ford  chose  to  do  the  latter. 

Reasons  for  the  Ford  definitions.  Ford  has  chosen  to  retain  its  definition  of 
injuries  — albeit  with  new  valuations  — for  several  reasons.  The  NHTSA  Injury  classi- 
fication is  mainly  based  on  automobile  insurance  compensation  data,  using  injury 
classifications  appropriate  for  compensation  award  considerations.  It  is  not  a common 
system  of  classification  among  accident  researchers,  and  it  contains  an  anomoly:  the 

progression  from  minor  to  fatality  is  not  monotonic  in  frequency,  as  is  seen  in  Table  2 
in  this  Supplement.  This  is  not  wrong,  but  it  is  unusual  and  out  of  step  with  the  more 
conventional  breakdown  of  injury  severity.  The  Ford  injury  definitions  were  based  on 
the  Calspan  ACIR  injury  classification  definitions.  This  classification  scheme  is 
not  inherently  any  more  (or  less)  "right"  than  the  NHTSA  categorization.  However,  it 
is  a widely  used  basis  for  injury  classification,  the  American  Medical  Association  AIS 
scale  widely  used  by  NHTSA' s own  MDAI  research  having  been  developed  from  it.  Moreover, 
Ford  has  relied  heavily  on  source  data  which  used  either  the  ACIR  or  AIS  scales  in  other 
safety  system  effectiveness  evaluations,  particularly  as  regards  vehicle  features 
(HPR  windshields,  improved  door  latches,  etc.)  other  than  those  considered  in  FMVSS  208 
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(A).  Thus  we  chose  to  maintain  compatibility  with  this  other  effectiveness  research 
and  continue  to  base  our  injury  distribution  on  the  ACIR  categories. 

Determination  of  Fatality  and  Injury  Numbers 

The  Ford  casualty  numbers  shown  in  Table  1 were  based  on  data  from  two  primary 
sources.  The  number  of  deaths  and  injuries  was  developed  from  National  Safety  Council 
data,  while  the  relative  distribution  of  the  non-fatal  injuries  was  derived  from  ACIR 
data.  Ford  had  based  its  calculation  of  the  number  of  casualties  on  the  assumption 
that  no  safety  features  were  operative;  the  resulting  frequencies  were  adjusted  down- 
ward in  (1)  to  match  NHTSA's  and  to  be  in  accord  with  current  accident  experience. 

Total  numbers.  Ford  calculated  that  some  1.7  million  disabling  or  worse  injuries 
would  have  occurred  in  1974  among  passenger  car  occupants  had  the  rates  prevailing  in 
the  mid-1960's  continued  to  date.  This  projected  number  of  1.7  million  injuries  was 
obtained  by  extending  historical  accident  rates  reported  by  the  National  Safety  Council 
(5)  from  the  mid-1960's  to  the  present.  In  the  mid-1960’s,  just  prior  to  the  advent 
of  the  safety  regulations,  the  overall  fatality  rate  was  about  5.6  deaths  per  100 
million  vehicle  miles..  If  the  proportion  of  freeway  travel  in  the  mld-1960's  had 
been  comparable  to  what  it  is  today,  the  fatality  rate  then  would  have  been  5.3  deaths 
per  100  million  vehicle  miles  of  travel.  Had  the  indicated  fatality  rate  of  5.3  been 
maintained,  about  69,000  deaths  would  have  occurred  in  the  1.3  trillion  miles  of  travel 
currently  being  experienced.  Since  car  occupants  have  typically  comprised  about  two- 
thirds  of  all  motor  vehicle  fatalities,  about  46,000  car  occupant  deaths  would  have 
been  expected.  The  National  Safety  Council  concluded  that  historically  there  are  about 
36  disabling  injuries  for  each  fatality.  Thus,  with  46,000  fatalities,  some  1.7 
million  total  car  occupant  injuries  and  fatalities  would  be  anticipated.  (This  mid- 
1960 's  based  set  of  figures  will  be  scaled  down  later  in  this  analysis  as  was  done 
in  (1),  in  order  to  be  comparable  to  NHTSA's.  They  are  presented  in  this  form  here 
to  be  consistent  with  what  we  had  previously  reported.) 

Distribution  by  injury  level.  The  1.7  million  car  occupant  injuries  projected  for 
1974  are  shown  distributed  by  severity  in  Table  1.  The  type  of  injury  categorized  as 
fatality  is  self-evident.  Serious  injuries  include  those  which  are  life-threatening, 
but  which  do  not  result  in  termination.  Moderate  injuries  are  those  which  are  not 
considered  dangerous  to  life,  but  are  still  rather  severe,  such  as  fractures  to  limbs. 

The  minor  category  includes  lesser  injuries,  which  nevertheless,  incapacitate  the 
victim  for  a period  beyond  the  day  of  the  crash.  Superficial  injuries  not  requiring 
treatment  are  not  counted;  only  those  injuries  severe  enough  to  be  at  least  temporarily 
disabiling  are  counted.  The  injury  categorization  upon  which  the  Ford  distribution  is 
based  was  taken  from  Calspan  reports  by  Schwimmer  and  Wolf  (6)  and  Anderson  (7),  and 
is  based  on  the  Automotive  Crash  Injury  Research  (ACIR)  injury  classification  definitions. 

Determination  of  Revised  Dollar  Loss  Values 


To  determine  dollar  loss  values  for  the  Ford/ACIR  distribution  of  injuries,  the 
NHTSA  injury  population  and  its  associated  dollar  loss  values  would  have  to  be  re- 
partitioned in  accordance  with  the  Ford/ACIR  injury  classifications.  That  would  not 
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real  Iv  change  the  nature  or  scope  of  any  particular  injury,  nor  its  loss  valuation, 
but  merel\  regroup  the  Injuries  under  different  headings. 

NHTSA  distribution  of  car  occupants  injuries.  Before  the  NHTSA  casualty  population 
-- - and  its  associated  loss  values  — can  be  redistributed  into  the  Ford/ACIR  classi- 
fications, the  NHTSA  frequencies  must  be  adjusted  by  (a)  selecting  car  occupants 
only,  and  (b)  provisorily  adjusting  to  some  base  year.  The  NHTSA  estimate  of  the 
total  number  of  motor  vehicle  deaths  and  injuries  was  based  on  National  Health  Survey 
(NHS)  household  interview  information  (see  Appendix  B of  (2).)  The  first  column  in 
Table  3 shows  NHTSA  s 3.9  million  total  motor  vehicle  casualties  distributed  into 
injurv  categories.  About  2.5  million  of  these  are  car  occupants,  the  rest  being 
pedestrians,  truck • occupants , etc.  Maintaining  the  relative  ratio  of  injuries  in  the 
various  categories,  the  2.5  million  car  occupant  casualties  would  include  about  35,000 
fatalities,  etc.,  (column  2). 


Table  3 


Casualty  Distributions  Per  NHTSA  Data 


NHTSA  INJURY 


TOTAL 


CAR  OCCUPANT 


PROJECTED 
CAR  OCCUPANT 


CLASSIFICATION 

CASUALTIES 

CASUALTIES 

CASUALTIES 

Fatal 

55,000 

35,000 

46,000 

46,000 

Permanent  and 
Total  Disability 

8,000 

5,000 

7,000 

7 ,000 

Partial 

Disability 

250,000 

160,000 

205,000 

205,000 

No  Permanent 
Disability 

3,545,000 

2,300,000 

2,900,000 

1,450,000* 

TOTAL 

3,900,000 

2,500,000 

3,200,000 

1.700.000* 

*Deleting  that  portion  who  are  not  disabled  even  temporarily,  in  order  to  arrive 
at  the  NSC-based  total  of  1.7  million. 


The  number  of  injuries  and  deaths  noted  thus  far  represent  actual  values,  given 
current  roadway  conditions.  Both  NHTSA  and  Ford  adjusted  these  current  values  to 
account  for  the  present  savings  due  to  other  vehicle  safety  features.  NHTSA  estimated 
the  number  of  car  occupant  deaths,  assuming  no  restraints  were  required  but  that  other 
safety  features  remained  intact,  at  38,000.  Ford's  analysis,  on  the  other  hand,  had 
been  predicated  on  the  attempt  to  determine  the  effect  of  restraints  completely  in- 
dependently of  all  other  safety  features.  Therefore,  Ford  had  selected  as  its  basis 
the  mid-1960's  rates,  prior  to  the  effective  date  of  mostFMVSS.  The  assumed  baseline 
was  thus  46,000  deaths.  Thus,  when  adjusted  to  a common  basis,  the  NHTSA  figures  and 
Ford's  are  the  same,  at  least  at  the  top  end  of  the  distribution  (column  3.) 

Non-Disabling  injuries.  As  noted  by  NHTSA  in  Appendix  C of  (2),  about  half  of 
the  group  of  "no  permanent  disability"  cases  is  comprised  of  individuals  without 
activity  restriction.  Ford  did  not  consider  these  very  minor  injury  cases  consisting 
of  nonsubstantial  bumps  and  bruises  as  appropriate  items  for  analysis  (see  further 
discussion  on  pp.  11  and  12  of  (1)).  As  seen  from  the  discussion  above,  Ford  concluded 
that  a data  base  of  1.7  million  car  occupant  injuries  (on  a mid-1960's  basis)  is 


B-5 


December  10,  1974 


appropriate  for  analysis.  In  order  to  total  1.7  million,  the  bottom  1.45  million  would 
have  to  be  dropped  from  NHTSA's  count.  Thus,  we  include  only  those  which  the  National 
Safety  Council  would  count,  those  that  are  at  least  temporarily  disabling. 

Comparing  NHTSA  and  Ford  injury  distribution.  Ford  distributed  these  1.7  million 
"no  countermeasure"  casualties  into  injury  levels  defined  differently  than  those  used 
by  NHTSA,  as  was  discussed  above.  Figure  1 below  illustrates  the  manner  in  which  the 
Ford  distribution  can  be  drawn  from  the  NHTSA  distribution  (from  the  last  column  of 
Table  3.)  The  NHTSA  and  Ford  "fatal"  categories  are  synonymous.  The  Ford  "serious 
injury"  category  includes  all  of  NHTSA's  7,000  permanently  disabling  injuries,  plus 
70,000  of  the  partially  disabling  injuries.  The  Ford  "moderate  injury"  level  includes 
the  remaining  135,000  partially  disabling  injuries,  plus  280,000  of  the  temporarily 
disabling  injuries.  The  remaining  1,170,000  temporarily  disabling  injuries  comprise 
Ford's  "minor"  category.  Of  course,  the  dollar  loss  values  originally  associated 
with  those  cases  remain  with  them,  unaltered. 


Figure  1 

Comparison  of  NHTSA  and  Ford  Injury  Distributions 


Total 

Di sab  i I i t v 
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Fat  I 


FORD 
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7 


Minor 
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Justification  For  Redistributing  Injuries 

The  reassignment  of  injuries  from  the  NHTSA  injury  classification  to  the  Ford 
classification  was  based  on  two  premises.  First,  it  was  assumed  that  the  Ford  dis- 
tribution, which  had  been  developed  independently  using  different  data  sources  than 
the  NHTSA  distribution,  was  an  accurate  and  appropriate  assessment  of  the  situation. 

The  second  basic  presumption  was  that  the  two  distributions  were,  in  fact,  essentially 
the  same,  differing  only  in  nomenclature  and  grouping. 

The  conclusion  that  the  Ford-National  Safety  Council  (NSC)  and  the  NHTSA-National 
Health  Survey  (NHS)  estimates  for  total  fatalities  and  injuries  are  compatible  has  been 
reached  by  other  orgnizations.  In  the  latest  edition  of  Accident  Facts  (5),  the 
National  Safety  Council  states  that  "numerical  differences  between  NHS  totals...  and 
the  NSC  totals...  are  due  mainly  to  differences  in  the  injury  definitions  used." 

NHTSA,  in  Appendix  C of  the  Societal  Costs  staff  report  (2),  states  that  "the 
differences  between  the  National  Safety  Council  and  National  Health  Survey  estimates 
are  more  apparent  than  real."  What  has  been  done  in  the  redistribution  of  injuries 
shown  in  Figure  1 is  to  quantify  the  assumptions  surrounding  these  statements. 

Revised  Dollar  Losses 


Table  4 shows  the  average  loss  for  each  Ford  injury  level  based  on  the  distribution 
in  Figure  1 and  using  the  NHTSA  loss  values  shown  in  Appendix  B of  (2).  For  example: 
"Serious"  injuries  consist  of  7,000  totally  disabling  injuries,  each  valued  at  $260,000, 
plus  70,000  partially  disabling  injuries,  valued  at  $67,000.  The  weighted  average  cost 
for  all  77 , 000  "serious"  injuries  can  be  computed  to  be  $84,000.  Note  that  the  "minor" 
injuries  are  valued  at  $2,600,  rather  than  the  $2,465  used  by  NHTSA  for  all  no  permanent 
disability  injuries.  This  upward  adjustment  reflects  the  elimination  of  the  no-dis- 
ability  injuries  (valued  by  NHTSA  at  $2,300)  from  consideration;  the  extent  of  the 
adjustment  is  based  on  data  contained  in  Appendix  C of  (2) . The  weighting  of  injury 
costs  outlined  in  Table  4 does  not  alter  the  cost  assumptions  of  the  NHTSA;  on  the 
contrary,  such  adjustments  are  necessary  to  keep  the  total  costs  of  these  casualties 
the  same  as  the  costs  assumed  by  NHTSA. 

Personal  injury  versus  vehicle  costs.  In  assigning  costs  to  various  injury  levels, 
NHTSA  included  a consideration  for  vehicle-related,  as  well  as  injury-related  costs. 
Since  we  are  considering  only  occupant  protection  systems  — which  have  no  crash 
avoidance  value  and  thus  no  effect  on  the  resultant  property  damage*  — it  is  appro- 
priate to  use  only  the  injury-related  cost  components  in  the  scaling  of  injuries. 

Table  5 shows  the  costs  for  each  injury  level  divided  into  injury-related  and  vehicle- 
related  components.  While  the  inclusion  of  the  vehicle-related  costs  is  inconsequential 
at  the  iKjre  severe  injury  levels,  the  irrelevant  vehicle  costs  make  up  almost  half 
of  the  total  minor  injury  costs.  Table  5 shows  the  NHTSA  Personal  Injury  Costs  ad- 
justed to  current  economics.  Note,  these  are  the  figures  shown  in  Table  1 of  this 
Supplement,  and  used  in  (1). 


*Excepting  that  replacement  costs  for  deployed  air  bags  are  likely  to  be  greater  ^ 
than  in  the  cases  where  belts  were  used. 
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Scaling  of  totals  to  a common  base  year.  In  Attachment  II  of  (1),  calculations 
like  those  of  Table  4 in  this  Supplement  were  presented.  But  they  were  scaled  down- 
ward in  the  ratio  of  38,000/46,000  = 0.826  in  order  to  be  comparable  to  NHTSA's,  thus 
achieving  a common  baseline  and  allowing  a comparison  in  benefit  figures  between 
Ford's  results  and  theirs.  Wliile  that  may  not  be  strictly  accurate  in  that  the 
different  injury  categories  may  be  differentially  affected  by  changes  from  the  mid- 
to  the  present,  we  believe  it  is  an  adequate  approximation  for  the  purposes 
used  here. 


B-8 


December  10,  1974 


Table  4 

Average  Total  Cost  Associated 
With  Each  Injury  Level 


FATAL ; 

Average  Cost  = $201,000 

SERIOUS: 

7,000  Injuries  At  $260,000 

70.000  Injuries  At  $ 67,000 
Average  Cost  = $84,000 

MODERATE : 

135.000  Injuries  At  $67,000 

280.000  Injuries  At  $ 2,600 
Average  Cost  - $24,000 

MINOR: 

Average  Cost  = $2,600* 


* Adjusted  from  the  $2,465  assigned  by  NHTSA  to  all  "no  permanent  disability" 
injuries,  which  include  the  completely  non- incapacitating  injuries;  adjust- 
ment based  on  NHTSA  data  contained  in  Appendix  C of  "Societal  Costs  of  Motor 
Vehicle  Accidents." 


Table  5 

Accident  Costs  Divided  Into  Injury-Related 
And  Vehicle-Related  Components 


Accident  Type 

NHTSA  Personal 
Injury  Cost 

NHTSA  Vehicle 
Cost 

Total 

Fatal 

$198,000  ($236,000)* 

$3,000 

$201,000 

Serious 

$ 82,000  ($  98,000)* 

$2,000 

$ 84,000 

Moderate 

$ 22,500  ($  26,800)* 

$1,500 

$ 24,000 

Minor 

$ 1,400  ($  1,670)* 

$1,200 

$ 2,600 

Source:  Based  on  "Societal  Costs  of  Motor  Vehicle  Accidents,"  Appendix  D. 

* Adjusted  to  reflect  current  economics. 
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JBPERT 

JBFOTOP 

DYFOTOP 

DYFABC 

FABC 

KRMODEL 

KMOREAR 

KRPROB 

KRLENG 

KRREARP 

KRSIDP2 

KRSIDEP 

KRBAR 


DATA  PROCESSING  AND  COMPUTATIONAL  PROGRAMS 


Performs  critical  path  analysis  of  a PERT  network,  given 
task  dependencies  and  time  estimates. 

Accepts  exposure  distribution  by  speed  and  impact  mode 
for  four  injury  levels,  and  performance  effectiveness  of 
a potential  countermeasure  at  different  speeds,  then  esti- 
mates the  safety  benefits  offered  by  a countermeasure  in 
various  collision  modes. 

Obtains  injury  distributions  by  level  of  injury,  impact 
mode  and  equivalent  collision  speed  from  the  HSRI  accident 
files  at  MTS. 

Computes  frequency  distributions,  percentages,  and  cumula- 
tive percentages  from  the  output  of  DYFOTOP  based  on  46,000 
fatalities . 

Writes  cumulative  percentages  computed  in  DYFABC  on  perman- 
ent data  files  broken  down  by  collision  mode  and  injury 
levels . 

Calculates  the  motion  of  the  vehicle  and  occupant  in  a frortt 
collision  with  a fixed  barrier. 

Calculates  the  motion  of  the  vehicle  and  occupant  in  a rear- 
collision  with  a movable  barrier. 

Calculates  effectiveness  curves  for  a front-collision  with  a 
fixed  barrier  for  different  values  of  front-end  stiffness. 

Calculates  effectiveness  curves  for  a front-collision  with  a 
fixed  barrier  for  different  values  of  the  front-end  length. 

Calculates  effectiveness  curves  for  a rear-collision  with  a 
movable  barrier  for  different  rear-end  stiffnesses. 

Calculates  effectiveness  curves  for  side-collisions  with  a 
movable  barrier  for  different  side  stiffnesses. 

Calculates  effectiveness  curves  for  side-collisions  with  the 
front  corner  of  another  car  for  different  side  stiffnesses. 

An  optimization  program  for  several  vehicle  parameters,  using 
a directed-search  technique.  Includes  f ront-to-side  and 
f ront-to-barrier  collisions. 
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KRSIMP 

KROT 

KREXP 

KRMAT 

EQUIV 

EQUIVR 

NMASSZ 

EXPLISEN 

OPTIMIl 

OPTSENl 

DATABANK 

PREPROC 

NORMAL 

CUMUPROB 

REGRESS 

OPT 


A program  to  find  optimal  vehicle  parameters  at  a given 
design  speed,  using  an  adaptive  technique.  Includes 
front-to-side  and  f ront-to-barrier  collisions. 

Calculates  probability  of  survival  versus  velocity  for 
input  sets  of  six  parameters. 

Calculates  probability  of  survival  versus  velocity  for 
input  of  an  equivalent  square-wave  stiffness  and  design 
velocity . 

Plots  the  ratio  of  barrier  impact  velocity  to  actual  impact 
velocity  at  different  ratios  of  impacting  velocities  of  two 
vehicles  (f ront-to-f ront)  in  terms  of  the  ratio  of  the 
weights  and  structural  stiffnesses  of  the  two  vehicles. 

Same  as  EQUIV  except  for  f ront-to-rear  impacts. 

Motion  and  sensitivity  analyses  of  the  responses  of  n-degree 
of-freedom  model  with  springs  and  dampers. 

Dynamic  responses  and  sensitivity  analyses  of  two-mass  model 
using  explicit  algebraic  expressions. 

Sensitivity  and  optimization  program  for  the  simulation  of 
maximum  acceleration  versus  impact  velocity. 

Probability  of  survival  as  a function  of  occupant  maximum 
acceleration  and  vehicle  intrusion  from  the  point  of  sensi- 
tivity analysis. 

Creates  the  data  file  "ACCDATA”  which  defines  the  accident 
environment  (exposure  number,  occupant  height  distribution, 
speed  distributions,  vehicle  mix,  impact  mode  distributions) 

Creates  data  files  "BOUNDS”  and  "INITVAL"  which  define  the 
limits  and  initial  values  of  the  design  parameters. 

Approximates  the  cumulative  normal  probability  distribution 
function,  given  values  for  the  mean  and  standard  deviation. 

Determines  a normal  approximation  to  any  given  cumulative 
distribution  function  by  performing  a linear  least  squares 
fit  of  the  data  on  normal  probability  paper. 

Performs  a simple  linear  regression  analysis  for  any  given 
set  of  data  points. 

Optimization  algorithm  of  "BOX"  adapted  and  modified  for  use 
in  the  system  model. 
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CHECK 

Checks  functional  parameters  and  cost  and  weight  data 
for  violation  of  minimum  or  maximum  contralnts. 

CONSTR 

Computes  additional  weight  required  to  achieve  a given 
set  of  functional  parameters  and  the  associated  cost 
of  material  substitution. 

FUNC 

Computes  the  value  of  the  objective  function  (EFU's) 
for  a given  set  of  functional  parameters  over  all  acci- 
dent types . 

DSGN  188 

Determines  the  experiment  design  for  the  front-to-f ront 
occupant  simulation. 

DSGN  106 

Determines  the  experiment  design  for  the  front-to-side 
occupant  simulation. 

DSGN  90 

Determines  the  experiment  design  used  for  the  front-to- 
front  and  front-to-side  (RSV  in  side)  vehicle  simulation. 

DSGN  60 

Determines  the  experiment  design  used  for  the  front-to- 
rear  and  f ront-to-barrler  vehicle  simulation. 

ODAVG 

Determines  the  average  responses  for  the  occupant  simula- 
tions, for  those  pairs  of  variables  with  sizeable  inter- 
action effects. 

ODTSS 

A time-sharing  regression  analysis  used  in  computing  the 
regression  coefficients  for  the  vehicle  simulations. 

DKS.MAIN 
DKS.NSET 
DKS.XSET 
DKS. INVE 

These  four  programs  (a  main  routine  and  three-subroutines) 
comprise  a remote  batch  version  of  ODTSS. 

ODRSPI 

A collection  of  programs  (l  =1,  3 - 11)  which  initialize 
a file  for  the  regression  coefficients  and  which  set  up 
the  response  data  into  a file  for  regression  analysis. 

ODSURFl 

ODSURF5 

Programs  which  describe  the  response  surface  for  selected 
pairs  of  variables,^  for  the  occupant  simulation  results. 

DESIGN 

Sets  up  the  arrays  which  define  polynomial  terms  in  "POLY". 

POLY 

Computes  vehicle  and  occupant  responses  for  a given  Impact 
type  using  polynomials. 

SURV 

Simplified  simulation  model  of  vehicle  and  occupant  dynamics 
for  frontal  Impacts  with  unrestrained,  belt  restrained,  and 
airbag  restrained  front  seat  occupants. 
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BIOMECH 

Head  acceleration  arid  chest  acceleration  values  for  either 
side  or  frontal  impact.  This  program  calculates  estimates 
of  the  proportion  of  occupants  who  incurred  a minor,  mod- 
erate, serious,  or  fatal  injury. 

HOSTEL 

Given  the  row  and  column  marginals  and  an  estimate  of  its 
associated  bivariate  frequency  the  program  calculates  a 
new  bivariate  frequency  whose  row  and  column  marginals  are 
equal  to  the  given  ones. 

SUM 

Computes  the  total  number  of  EFU's  broken  down  by  direction, 
vehicle  weight,  impact  mode,  vehicle,  occupant,  speed  or 
occupant  height. 

BENCOS 

Performs  a benefit-cost  analysis  on  the  optimization  results 
and  selects  the  optimal  design. 

OPT RUN 

The  main  program  of  the  system  model.  It  includes  the  opti- 
mization algorithm  in  OPT  and  the  subroutines  "FUNC,"  "POLY, 
"DESIGN,"  "SURV,"  "BIOMECH,"  and  "SUM." 
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THE  NEED  FOR  ADDITIONAL  ROLLOVER  ACCIDENT  AND 
HANDLING  RESEARCH  AND  A RECOMMENDED  PROGRAM* 

Need  for  Accident  Research 

Ford  has  estimated  that  about  one-fourth  of  all  passenger  car 
occupant  fatalities  result  from  events  in  which  vehicles  have  overturned 
(1) . However,  available  accident  data  indicate  that  the  majority  of 
these  rollovers  occur  after  vehicles  leave  the  roadway,  not  "...on  smooth, 
dry  pavement,"  as  addressed  in  Docket  73-10;  Notice  1. 

Out  of  16.4  million  reported  urban  and  rural  traffic  accidents 
in  1971,  only  0.6  percent  were  "on-road,  non-collision"  rollover  cases  (2). 
These  on-the-road  rollovers  accounted  for  1.1  percent  of  all  fatal  acci- 
dents, and  resulted  in  about  600  fatalities.  These  National  Safety  Coun- 
cil figures,  which  are  typical  for  the  past  five  years,  are  for  all  types 
of  motor  vehicles,  including  passenger  cars,  trucks,  motorcycles,  motorized 
bicycles,  and  farm  machinery  when  operated  on  highways. 

According  to  the  manual  on  Classification  of  Motor  Vehicle 
Accidents,  1962,  the  road  is  defined  as  "including  the  pavement  and  the 
shoulder  (berm)."  Therefore,  some  of  the  accidents  reported  as  on-the- 
road  events  may  actually  have  involved  tripping  of  the  vehicle  due  to 
wheel  contact  with  non- homogeneous  pavement  and  shoulder  obstructions,  tar 
strips,  and  other  pavement  discontinuities. 

On-the-road,  single-car,  non-collision  rollover  accidents  do 
not  appear  to  constitute  a safety  problem  comparable  in  size  to  that  of 
off-road  rollovers,  and  it  appears  that  a costly  test  procedure  to  detect 
such  on-the-road  rollover  propensity  could  not  be  justified  from  these 
national  statistics. 


(1)  E.  S.  Crush,  S.  E.  Henson,  and  0.  R.  Ritterling,  "Restraint  System 
Effectiveness,"  Ford  Automotive  Safety  Planning  and  Research  Office, 
Federal  Docket  69-7,  Notice  9,  Item  119,  September  1971. 

(2)  Accident  Facts,  1972  Edition,  National  Safety  Council. 

Apj^om  Ford  response  Docket  73—10,  Advanced  Notice  of  Proposed  Rulemaking, 
August  15,  1973. 
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However,  as  a result  of  published  data.  Ford  is  also  aware  of 
several  vehicle  accident  and  handling  studies  which  indicate  that  certain 
types  of  vehicles  may  be  considered  as  being  disproportionately  involved 
in  rollover  accidents  on  the  road.  We,  therefore,  recognize  the  NHTSA's 
desire  to  extend  such  investigations. 

NHTSA  research  alone  (3,  4,  5,  6)  has  identified  three  separate 
maneuvers  that  overturn  vehicles  but  it  is  important  to  note  that  no 
single  technique  overturned  all  the  test  vehicles.  If  we  assume  that  the 
test  vehicles  had  an  established  on-the-road  rollover  accident  history, 
it  may  be  concluded  that  more  than  one  skid  pad  test  would  be  required  to 
establish  overturning  propensity  and  the  tests  would  include  the  drastic 
steer  and  brake  test,  the  trapezoidal-steer  test  or  the  step-steer  test. 
(The  latter  two  are  slightly  different  versions  of  a J-turn  test.) 

Clearly,  the  cost  effectiveness  of  applying  more  than  one  complex  skid 
pad  test  to  detect  a rollover  propensity  that  accounts  for  only  0.6  per- 
cent of  all  accidents  must  be  questioned. 

Ford  is  aware  of  two  more  skid  pad  maneuvers  that  have  overturned 
vehicles.  One  is  the  Ford  reverse-steer  maneuver  and  the  other  is  the 
J-turn  with  acceleration  used  by  General  Motors.  The  test  developed  by 
Ford  for  research  purposes  was  described  in  the  Company's  ESV  proposal  (7). 
This  reverse-steer,  overturning  immunity  maneuver  is  conducted  as  an  un- 
manned test  for  driver-safety  purposes.  The  test  vehicle  is  towed  do\-m  a 
guide  rail  which  forces  it  into  a standardized  left  turn.  While  in  the 
left  turn,  the  vehicle  is  released  right  by  a hydraulic  steering  device. 


(3)  "Input  Response  Tests  of  Selected  Small  Passenger  Cars,"  NHTSA  Contract 
No.  DOT-HS-065-1-077 , November  1971. 

(4)  H.  Dugoff,  R.  D.  Ervin  and  L.  Segal,  "Vehicle  Handling  Test  Procedures," 
Final  Report,  Contract  No.  DOT'^FH-11-7297 , November  1970. 

(5)  R.  D.  Ervin,  et  al , "Vehicle  Handling  Performance,"  Final  NHTSA  Report, 
Contract  No.  DOT-HS-031-1-159 , November  1972. 

(6)  NHTSA  Contract  DOT-HS-031-1-126,  "Component  Degradation  Inspection 
Equipment  Steering  and  Suspension  System  Performance,"  HSRI,  University 
of  Michigan,  November  15,  1972. 

(7)  "Experimental  Safety  Vehicle  (Family  Sedan),"  Technical  Proposal  Sub- 
mitted by  Ford  Motor  Company  to  RFP  (DOT-02-0050,  April  20,  1970. 
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The  test  procedure  is  repeated  at  progressively  higher  speeds  until  1.0  g 
lateral  acceleration  is  reached  in  the  standardized  left  turn  or  until 
the  vehicle  is  observed  to  spin  out,  drift  or  roll  over  after  it  leaves 
the  rail.  Further  study  of  this  hand ling/ro Hover  test  is  planned. 

The  General  Motors  test  technique  is  described  in  a DOT  report 
(8)  with  the  author’s  comments  that  "This  type  of  driving  is  not  repre- 
sentative of  the  practical  driving  environment  although  it  is  used  in 
research  and  development.” 

In  summary,  therefore,  there  are  five  skid  pad  maneuvers, 
developed  by  engineering  judgment  but  unvalidated  by  accident  evidence, 
which  have  overturned  passenger  cars: 

. Drastic  brake  and  steer  - HSRI/NHTSA  J~turn  with 
sudden  brake  application  and  sudden  brake  release. 

. Step  or  trapezoidal  steer  - HSRI/NHTSA  J-turn  at 
constant  throttle. 

. Maximum  throttle-extreme  steer  - GM  J-turn  type 
maneuver  with  acceleration. 

Reverse  steer  - TTI/NHTSA  sudden  change  in  direc- 
tion from  a fixed  radius  turn. 

. S-turn  - Ford  rail  test  similar  to  the  TTI  reverse 
steer  procedure. 

Each  test  must  now  be  assessed  in  depth,  not  only  to  compare 
them  with  real  world  accidents  but  to  ensure  their  repeatability  and 
validity.  For  example,  the  drastic  brake  and  steer  test  judged  to  be  "a 
stringent  test  of  susceptibility  to  vehicle  rollover”  (9)  did  not  over- 
one  specific  type  of  vehicle  at  AO  mph  yet  this  same  vehicle  was 
overturned  at  a lesser  speed  in  a different  maneuver. 

In  summary,  we  believe  that  further  research  is  required  to 
determine  if  rollover  on  the  road  is  a greater  safety  problem  than  pre- 
indicated  by  accident  data  and,  if  so,  to  find  valid  tests  of 
rollover  propensity. 

(8)  "Evaluation  of  the  1960-1963  Corvair  Handling  and  Stability,”  Depart- 
ment of  Transportation,  DOT-HS-820-198 , July  1972. 

(9)  R.  D.  Ervin,  et  al,  "Vehicle  Handling  Performance,”  Final  NHTSA  Re- 
port, Contract  No.  DOT-HS-031-1-159,  November  1972. 
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Plan  for  Additional  Handling  Research 

Ford  assumes  that  the  NHTSA  will  not  issue  a further  notice 
of  proposed  rulemaking  for  rollover  resistance  until  all  of  its  supporting 
tire  research  (10,  11),  and  human  factors  studies  (12)  have  been  completed. 
Meanwhile,  we  believe  that  a coordinated  program  of  accident  investigation, 
computer  handling  simulation  and  skid  pad  testing  will  help  determine  if  a 
correlation  can  be  established  between  a vehicle’s  handling  characteristics, 
skid  pad  tests  and  rollover  accidents.  We  recommend: 

1.  Investigation  of  Accident  Sites  - Pavement  properties  should 
be  measured  at  accident  sites  to  determine  if  surface  irregularities  or 
friction  differences  between  the  pavement  and  the  shoulder  have  contributed 
to  rollover.  As  previously  stated,  the  road  is  defined  as  "...including 
the  pavement  and  the  shoulder  (berm)"  (13).  Therefore,  some  rollover  acci- 
dents reported  in  the  category  of  "on-the-road"  events  may  actually  have 
involved  wheel  contacts  with  non-homo geneous pavement  materials  or  pavement 
irregularities.  These  accident  situations  might  not  be  accurately  simu- 
lated by  tests  carried  out  on  smooth  skid  pads  of  uniform  paving  materials. 
Correlation  between  existing  accident  statitsitcs  and  results  from  skid 
pad  tests  may  be  difficult  or  impossible  to  establish.  A study  of  this 
type  will  help  resolve  this  issue. 

2.  Coordination  of  Accident  Investigation  Programs  - The  Federal 
Highway  Administration  recently  initiated  a research  program  entitled 
"Effectiveness  of  Alternative  Skid  Reduction  Measures"  to  "develop  rela- 
tionships between  wet-weather  accidents  and  skid  number"  (14)  and  to  pro- 
duce "cost-effectiveness  analyses  of  skid  reduction  alternatives"  (15). 


(10)  "Vehicles-in-Use  Limit  Performance  and  Tire  Factors,"  Contract  No.  DOT- 
HS-031-3-693 , HSRI,  Univeristy  of  Michigan. 

(11)  "Tire  Properties’  Effects  on  Vehicle  Handling,"  Contract  No.  DOT-HS- 
053-3-727,  (Calspan) , Cornell  Aeronautical  Laboratory. 

(12)  Research  Contract  NHTSA-3-B841 . 

(13)  Manual  on  Classification  of  Motor  Vehicle  Accidents,  1962. 

(14)  "Effectiveness  of  Alternative  Skid  Reduction  Measures,"  Contract  No. 
DOT-FH-11-8120,  Midwest  Research  Institute. 

(15)  Ibid. 
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Possibly,  the  Federal  Highway  Administration’s  wet-road  program  could  be 
expanded  to  include  dry-pavement  friction  measurements  at  the  sites  of 
rollover  accidents.  These  friction  measurements  would  be  of  value  to 
NHTSA  in  subsequent  skid  pad  tests  so  that  conditions  surrounding  over- 
turning accidents  could  be  duplicated.  Ongoing  tire  research  projects 
being  conducted  by  HSRI  (16)  and  by  Calspan  (17)  in  support  of  NHTSA' s 
limit  (handling)  performance  tests  might  also  be  expanded  to  include  wet- 
road  conditions. 

Calspan  and  HSRI  are  staffed  with  experienced  accident  investi- 
gators who  will  be  under  research  contract  (18,  19,  20)  to  NHTSA  concur- 
rently with  the  HSRI  and  Calspan  tire/handling  research  projects.  This 
would  appear  to  be  a unique  opportunity  to  employ  this  professional  talent 
in  one  coordinated  study  of  all  related  handling  characteristics.  We  be- 
lieve that  it  would  be  helpful  to  the  automotive  industry  and  to  all 
government  agencies  if  a summary  chart  were  prepared  by  the  Administration 
showing  schematically  the  relationship  between  all  past,  current,  and 
future  tire/handling/accident  research  projects. 

3.  Avoidance  of  Bias  in  Accident  Sampling  Procedures.  Rollover 
accident  data  collection  procedures  that  disproportionally  weight  the  data 
samples  with  injury  and  fatality  cases  should  be  avoided,  so  that  the 
injury-producing  properties  of  vehicles  can  be  separated  from  their 
accident-avoidance  capabilities.  Accident  sampling  procedures  that  avoid 
this  problem  have  been  developed.  A suggested  approach  is  to  investigate 
all  reported  rollover  accidents  at  a few  carefully,  pre-selected  test 
sites  — not  just  injury  and  fatality  accidents.  The  Federal  Highway 


(16)  HSRI,  Op.  Cit. 

(17)  Cornell,  Op.  Cit. 

(18)  "Tri-Level  Accident  Investigation  Study  - Injury  Causation," 
Contract  No.  DOT-HS-053-3-609,  Cornell  Aeronautical  Laboratory. 

(19)  "Tri-Level  Accident  Investigation  Study  - Injury  Causation," 
Contract  No.  DOT-HS-053-3-619,  Cornell  Aeronautical  Laboratory. 

(20)  "Automation  of  Multi-Disciplinary  Accident  Investigation  Cases," 
HSRI,  University  of  Michigan,  Contract  No.  DOT-HS-031-3-589 . 
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Administration  has  also  recommended  that  Midwest  Research  Institute  con- 
duct the  Administration's  wet-^road  skid  reduction  program  (21)  at  pre- 
selected road  sites.  The  Request  for  Proposal  for  this  contract  requires 
the  bidder  to  "...develop  criteria  for  selecting  experimental  road  sec- 
tions." Ford  does  not,  at  this  time,  know  if  methods  developed  in  the 
NHTSA  program  entitled,  "Acquisition  of  Information  on  Exposure  and  on 
Non-Fatal  Crashes"  (22)  will  be  used  for  this  purpose. 

4.  Road  Design  and  Exposure.  Road  design  properties  such  as 
crown,  slope,  etc.,  could  Interact  with  vehicle  properties  to  affect  roll- 
over frequency.  If  correlations  are  to  be  established  between  maneuvers 
conducted  on  smooth,  level  skid  pads  and  accident  experience,  the  poten- 
tially confounding  influence  of  road  design  variables  must  be  considered. 

In  order  to  detect  the  influence  of  these  variables,  the  number 
of  "non-accident"  vehicles  using  roads  at  the  pre-selected  test  sites  i 
must  be  counted  and  used  as  an  index  of  accident  exposure.  Exposure  data 
are  needed  to  determine  if  the  number  of  rollovers  observed  at  any  test  site 
are  disproportionate  relative  to  traffic  density  at  that  site.  Because  on- 
the-road  rollovers  are  rare  events,  "small-samnle"  statistical  methods  must 
be  used  to  extract  useful  rollover  information  from  the  data.  Many  small- 
sample  methods  are  available  from  published  statistical  literature. 

5 . Tire  Skid  Marks,  Skid  Pad  Tests, and  Computer  Simulations . 

Tire  skid  marks  at  rollover  accident  sites  should  be  carefully  measured 
and  analyzed  and  a systematic  program  of  computer  handling  simulation  and 
skid-pad  testing  should  be  initiated  to  identify  what  classes  of  maneuver 
will  produce  similar  marks  prior  to  overturning. 

Intensive  Investigations  of  skid  marks  at  accident  sites  might 
serve  to  eliminate  some  skid  pad  tests  that  would  not  validly  simulate 
overturning  accident  maneuvers.  Conversely,  skid  pad  tests  should  be  used 
to  identify  likely  candidate  maneuvers.  Vehicles  identical  in  design  to 
those  observed  at  accident  sites  could  be  used  with  tires  purchased  from 


(21)  "Effectiveness  of  Alternative  Skid  Reduction  Measures,"  Midwest 
Research  Institute,  Contract  No.  DOT'-FH-ll— 8120. 

i 

(22)  P.  S.  Carroll,  et  al,  "Acquisition  of  Information  on  Exposure  and 
on  Non-Fatal  Crashes,"  Final  Report,  6V.,  PB-201-414  through  PB-201-418 
and  PB-203-718,  1971. 
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the  owners  of  the  accident— involved  vehicles  used  during  the  tests. 

Tire  marks  produced  by  skid  pad  maneuvers  would  be  compared  with  those 
found  at  the  accident  site.  The  occurrence  of  rollovers  on  the  skid 
pad  and  the  similarity  of  skid  marks,  would  be  used  to  tune  the  severity 
of  the  maneuvers. 

The  fundamental  objective  of  this  study  is  to  gather,  the  maxi- 
mum quantity  of  actual  accident  data,  including  precise  road,  vehicle  and 
environmental  conditions  existing  at  the  time  of  the  accident  occurrence. 
This  data  can  then  be  used  to  recreate  the  sequence  and  maneuver  under 
conditions  that  can  be  observed. 

Guidelines  for  the  Conduct  of  Handling  and  Rollover  Research 

Criterion  levels  of  minimum  braking  and  handling  performance, 
more  than  the  methods  for  measuring  performance,  seem  to  be  the  most  pres- 
sing research  issue  in  the  RSV  accident  avoidance  program.  Specifically, 
new  methods  are  needed  to: 

- determine  the  direction  and  amount  of  change  in  safety 
effectiveness  as  a function  of  the  level  of  passenger 
car  handling  and  braking  performance. 

- establish  criterion  levels  for  minimum  vehicle  per- 
formance and  to  compare  the  costs  of  vehicle  solutions 
with  alternative  methods  for  improving  the  accident 
avoidance  capabilities  of  vehicles. 

Safety  Optimization.  Models  need  to  be  developed  to  compare 
vehicle  handling  and  braking  properties  with  alternative  methods  for  re- 
ducing the  frequency  of  loss-of-control  accidents.  This  model  might  be 
patterned  after  an  ongoing  Federal  Highway  Administration  (FHWA)  program 
(23)  illustrated  in  D-1.  The  "Vehicle/Tire"  performance  model,  shown  in 
Figure  D-1  has  been  expanded  by  Ford  to  suggest  which  vehicle  variables 
might  be  evaluated  in  terms  of  their  influence  on  the  accident  avoidance 
potential  of  passenger  cars. 


(23)  J.  Zuieback,  et  al,  "Friction  Requirements  Necessary  to  Reduce 
Skidding  Accident  Frequencies,"  Science  Applications  Incorporated, 
Interim  Report,  DOT  Contract  No.  FH-11-8275. 
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FI  CURE  U-1 

Vehicie/TIre  Evaluation  Process  Shown  Within 
fHWA  Plan  to  Define  Frictional  Requireinents 
To  Reduce  Skidding  Accidents  (DOT-FH-8275) 


I 


COUNTERMEASURES 


As  can  be  seen  from  Figure  D-1,  the  principal  response  measure 
in  the  optimization  could  be  the  relative  sensitivity  of  the  "Distribu- 
tion of  Margin  of  Safety"  to  vehicle,  tire,  pavement,  and  road— geometry 
variables. 

Additional  NHTSA  Guidelines.  In  November  1970,  the  Highway 
Safety  Research  Institute  (HSRI)  of  the  University  of  Michigan,  published 
results  from  an  NHTSA  handling  research  contract  (24)  that  outlined  tech- 
nical policies  for  evaluating  vehicle  handling  and  braking  qualities. 

These  policies  appear  to  have  set  a precedent  for  subsequent  government 
research  and  rulemaking  actions.  These  same  policies  should  be  followed 
in  accident  avoidance  research  in  the  future.  The  policies  are  summarized 
below. 

- Standards  for  handling  and  braking  quality  should  be 
based  on  vehicle  performance  rather  than  design. 

- Tests  of  vehicle  performance  should  be  objective  and 
drivers  should  be  excluded  from  the  control  loop 
when  vehicle  performance  is  tested, 

- Test  severity  should  be  sufficient  to  grade  vehicle 
performance  at  the  "limit"  of  tire-road  adhesion. 

- Pass/fail  performance  criterion  levels  should  be 
selected  to  discriminate  against  "Outlier"  vehicles 
that  have  poor  accident  records. 

New  Sources  of  Data.  Accident  data  and  stocastic  descriptions 
of  the  highway  and  traffic  environment  will  be  needed  if  the  safety  per- 
formance of  the  highway/driver/vehicle  system  is  to  be  optimized.  On- 
going Federal  Highway  Administration  and  NHTSA  research  programs  may  be 
a rich  source  of  these  data.  Some  of  these  programs  are  summarized  in 
Figure  D-2 . Also,  existing  vehicle-oriented  accident  files  can  be  made 
to  yield  useful  accident  avoidance  information  by  collecting  data  on  the 
exposure  of  different  car  models  and  types.  The  use  of  accident  data  to 
evaluate  the  safety  effectiveness  of  vehicle  handling  and  braking  require- 
ments and  to  set  criterion  performance  levels  is  discussed  in  the  following 
paragraphs . 

(25)  H Dugoff,  et~^,~  "Vehicle  Handling  Test  Procedures,"  Awarded  to 
the  University ’of  Michigan  (HSRI),  Contract  FH-11-7297,  reported 
November  1970. 
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Figure  D-2 


List  of  Current  DOT  Research  in  Handling 
and  Pavement  Friction 


FHWA 

1.  SKID  ACCIDENTS  VS  FRICTION  (Complete  4/75) 

Frictional  Requirements  Necessary  to  Reduce  Skidding  Accident  Fre- 
quencies. FHWA  Contract  FCP  No.  31H44022,  JRB  Associates,  Inc., 

La  Jolla,  California. 

2.  ROAD  FRICTION  RESTORATION  (Complete  10/75) 

Reconditioning  Heavy-Duty  Freeways  in  Urban  Areas,  NCHRP  Contract 
FCP  No.  55D2172,  A & M Research  Foundation,  College  Station,  Texas. 

3.  ROAD,  TIRES  AND  VEHICLE  FACTORS  IN  LOSS  OF  CONTROL  (Complete  12/75)  | 

Investigation  of  Tire  Pavement  Interaction  During  Maneuvering, 

FHWA  Contract  FCP  31H2132,  Texas  Transportation  Institute,  | 

College  Station,  Texas. 

4.  PAVEMENT  GROOVING  VS  FRICTION,  BRAKING,  AND  VEHICLE  CONTROL  (Complete  6/75) 

Effects  of  Pavement  Grooving  on  Friction,  Braking,  and  Vehicle  Control, 

FHWA  Contract  FCP  No.  31H2252,  Texas  Transportation  Institute,  College  i 

Station,  Texas.  i 

I 

5.  IDENTIFICATION  OF  HIGH  ACCIDENT  LOCATIONS  (Complete  6/75)  i 

I 

Identification  and  Programming  of  Improvements  for  High  Accident  | 

Locations,  Maryland  Department  of  Transportation,  NP&R  FCP  No.  41K1082,  i 
University  of  Maryland,  College  Park,  Maryland.  ! 

! 

6.  COST-EFFECTIVENESS  — WET  WEATHER  ACCIDENTS  VS  SKID  NUMBER,  ROAD  RESURFACING,  , 

ROAD  SEALERS,  PAVEMENT  GROOVING,  TRAFFIC  SPEED  CONTROL,  ROAD  GEOMETRY  CHANGES,  | 
(Complete  6/75)  * 

Effectiveness  of  Alternative  Skid  Reduction  Measures,  Contract  No. 
FH-11-8120,  Midwest  Research  Institute,  Kansas  City,  Missouri.  | 

7.  SINGLE  VEHICLE  ACCIDENTS  VS  CAR/TRUCK  MAKE,  TRAFFIC  AND  ROAD  VARIABLES 
(Complete  6/76) 

Methodology  for  Reducing  the  Hazardous  Effects  of  Highway  Features  and 
Roadside  Objects,  FHWA  Contract  FH-11-8501,  CALSPAN  Corporation, 

Buffalo,  New  York.  | 


NHTSA 

8.  SKID  PAD  TESTS  VS  ACCIDENTS  (Complete  1/74  to  6/75) 

Methodology  for  Determining  the  Role  of  Vehicle  Handling  in  Accident 
Causation,  NHTSA  Contract  HS-4-00942,  University  of  Michigan,  Ann 
Arbor,  Michigan. 
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Role  of  Accident  Data,  Present  efforts  by  NHTSA  to  establish 
braking  and  handling  requirements  are  based  on  skid  pad  performance  under 
the  assumption  that  vehicles  which  perform  well  in  skid  pad  maneuvers 
will  have  fewer  accidents  than  poor  performers.  This  approach  has  been 
adopted  because  according  to  NHTSA,  "Present  accident  reporting  and  in- 
vestigation procedures  are  not  structured  in  a way  that  would  permit 
positive  identification  of  the  role  of  vehicle  handling  factors  in  acci- 
dent causation"  (26)  . However,  a tiumber  of  studies  have  shown  that  small 
differences  in  pavement  friction  levels  can  produce  detectable  differences 
in  accident  rates  (27,  28).  Accident  data  sensitive  enough  to  detect  such 
effects  should  also  be  sensitive  enough  to  detect  differences  in  accident 
rates  associated  with  differences  between  vehicles  in  limit  cornering  and 
braking  performance. 

Need  for  Exposure  Data.  The  major  stumbling  block  in  using 
current  individual  accident  oriented  data  files,  such  as  the  Tri-Level 
File,  which  are  structured  primarily  to  assess  impact  factors,  is  that  the 
data  are  not  normalized  by  exposure  in  a manner  appropriate  for  accident 
avoidance  analyses.  Without  exposure  data,  involvement  rates  for  vehicles 
with  different  handling  and  braking  characteristics  cannot  be  determined 
accurately.  Nor  can  registration  figures  be  used  to  estimate  exposure 
because  it  is  likely  that  different  types  and  models  of  cars  are  driven 
by  different  kinds  of  people  under  different  driving  conditions. 

Some  researchers  apparently  feel  that  the  problem  of  relating 
accident  data  to  vehicle  characteristics  is  inherent  in  the  complexity  of 
the  phenomenon.  Ervin  and  Segal  state,  "...that  such  a correlation  is 
not  likely  to  be  realizable  either  in  the  near  or  far  term  and  perhaps 
never,  since  vehicle--in-use  factors  can  conceivably  mask  whatever 

(26)  "Methodology  for  Determining  Role  of  Vehicle  Handling  in  Accident 
Causation,"  RFP,  NHTSA-A-B5A3 , Issued  November  4,  1974. 

(27)  B.  Savey,  "The  Road  Surface  and  Safety  of  Vehicles,"  Proceedings  of 
the  Institution  of  Mechanical  Engineers,  Volume  183,  Part  A,  1968-69. 

(28)  "Skidding  Accidents,"  Institute  for  Safety  Research,  Vourborg, 
Netherlands,  National  Technical  Information  Service,  PB  193,  384,  1970. 
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differences  in  handling  qualities  may  have  been  extant  in  the  as-new 
vehicle  population"  (29) . 

This  is  another  way  of  saying  that  the  effect  of  handling 
characteristics  may  be  small  compared  with  other  factors  that  influence 
safety,  i.e.,  differential  exposure  of  different  vehicles  to  different 
driving  conditions  may  overwhelm  any  effect  of  handling.  Exposure  data 
would  permit  control  of  vehicle-in-use  factors,  and  the  finer  the  appor- 
tioning of  exposure  and  accident  data  across  the  operational  factors 
that  influence  accidents  (e.g.,  road  geometry,  traffic  volume,  driver 
age,  pavement  friction,  etc.),  the!  greater  the  likelihood  of  detecting 
vehicle  performance  influences. 

The  collection  and  organization  of  vehicle  exposure  data  in  a 
form  compatible  with  existing  vehicle-oriented  accident  files  is  a 
feasible  task.  Exposure  data  on  driving  conditions  and  vehicle  and 
driver  characteristics  can  be  collected  by  observation  programs  and  sur- 
veys at  sites  in  the  geographical  areas  covered  by  an  accident  file  or 
files.  Exposure  data  would  permit  determination  of  the  involvement  rate 
of  vehicles  with  different  handling  characteristics  in  different  kinds 
of  accidents  under  different  highway  conditions.  These  data  would  identify 
accident  "outliers,"  that  is,  vehicles  with  unusually  high  or  low  accident 
rates  in  certain  types  of  accidents.  A subsequent  program  of  testing  and 
modeling  of  normal  and  outlier  vehicles  could  be  undertaken  to  define  the 
specific  handling  characteristics  that  distinguish  high  and  low  involve- 
ment rate  vehicles. 

Using  Highway  Accident  Information.  As  noted  above,  the  Federal 
Highway  Administration  is  currently  placing  heavy  emphasis  on  research 
studies  aimed  at  establishing  relationships  between  pavement  friction 
levels  and  accident  rates.  These  data  can  be  used  to  estimate  the  benefits 
associated  with  improvements  in  vehicle  cornering  and  straight  line  brak- 
ing efficiency. 

Braking  efficiency  is  defined  as: 

(1)  E = A/y 


(29)  R. Ervin  and  L.  Segal,  "Open  and  Closed  Loop  Testing  and  How  They 
are  Integrated  in  Vehicle  Handling  and  Dynamic  Research,"  Vehicle  Safety 
Research  Integration  Symposium,  DOT-HS-820-306,  1973. 

\a 
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where  A is  the  maximum  average  deceleration  in  g's  of  the  vehicle  on  a 
surface  with  a friction  coefficient  y.  Since 

(2)  A - Ey 

the  efficiency  determines  the  percentage  of  the  friction  coefficient  the 
vehicle  can  use  and  hence,  the  rate  of  deceleration  and  the  stopping  dis- 
tance. In  fact,  the  equation  used  by  NHTSA  to  predict  stopping  distance 
is: 

(3)  SD  = V^/30(Ey) 

where  SD  is  stopping  distance  in  feet  and  V is  Initial  vehicle  speed  in 
mph.  According  to  equation  (3),  E and  y are  interchangeable  in  that  a 
change  in  one  has  the  same  effect  on  deceleration  and  stopping  distance 
as  the  same  change  in  the  other.  For  this  reason, a change  in  braking 
efficiency  should  have  the  same  effect  on  accidents  in  which  straight 
line  braking  is  involved  as  an  equivalent  change  in  pavement  friction. 

Figure  D-3  is  a plot  of  relative  accident  probability  versus 
pavement  friction  based  on  a Ford  analysis  of  Texas  accident  data  (30). 
Accident  probability  increases  as  friction  coefficient  falls  below  .5. 
Because  of  the  relationship  between  stopping  distance,  braking  effi- 
ciency and  pavement  friction,  the  curve  in  Figure  D-3  is  probably  a 
good  representation  of  the  relationship  between  accident  involvement 
rates  and  braking  efficiency. 

According  to  HSRI  tests  conducted  for  NHTSA,  the  average  braking 
efficiency  of  12  late  model  passenger  cars  was  very  close  to  1.0  (31). 

Figure  D-4  is  a replot  of  Figure  D-3  with  efficiency  instead 
of  pavement  friction  on  the  abclssa.  This  curve  was  constructed  by 
assuming  a friction  coefficient  of  .75  on  an  average  braking  efficiency 
of  1.0  for  the  vehicles  making  up  the  Texas  data.  Also  shown  in  Fig- 
ure D-4  is  the  range  of  efficiencies  found  for  the  12  cars  tested  by 
HSRI.  Although  the  data  on  which  Figure  D-4  is  based  are  not  limited  to 
braklnR  accidents,  the  curve  strongly  suRgests  that  present  passenger  car 
braking  efficiency  is  well  into  the  region  of  diminishing  returns. 

(30)  B.  McCullough  and  K.  Hankins,  "Skid  Resistance  Guidelines  for  Sur- 
face Improvements  on  Texas  Highways,"  Highway  Research  Record  131. 

(31)  H.  Dugorr,  ot  mI,  Op.  CIt. 
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Figure  D-3 


ACCIDENT  RATE  VS  COEFFICIENT  OF  FRICTION 


Coefficient  of  Friction  at  50  mph 
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Relative  Accident  Probability 


Figure  D-4  RELATIVE  PROBABILITY  OF  FATAL  AND  INJURY 
ACCIDENTS  VS  COEFFICIENT  OF  FRICTION 
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The  definition  of  cornering  efficiency  and  the  role  of  corner- 
ing efficiency  in  determining  limit  performance  is  analogous  to  the 
braking  case.  The  maximum  speed  at  which  a vehicle  can  negotiate  a turn 
depends  jointly  on  cornering  efficiency  and  pavement  friction.  In  a 
manner  similar  to  that  illustrated  for  the  braking  case,  accident  rate/ 
pavement  friction  data  can  be  used  to  estimate  the  relationship  between 
accident  rate  and  cornering  efficiency. 

To  fully  carry  out  the  analysis  outlined  above,  several  classes 
of  data  are  required.  They  are: 

(1)  Accident  rate  versus  pavement  friction  data  for 
different  classes  of  accidents  (e.g.,  frontal 
impact,  ran  off  road,  spun,  etc.) 

(2)  An  estimate  of  the  nationwide  frequency  distri- 
bution of  pavement  friction  for  wet  and  dry 
pavements . 

(3)  An  estimate  of  the  frequency  distributions  of 
braking  and  cornering  efficiency  extant  in  the 
current  U.S.  vehicle  population. 

With  this  information,  it  will  be  possible  to  estimate  the  overall  acci- 
dent reduction  benefits  associated  with  alternative  highway  friction 
improvements  and  vehicle  limit  performance  improvement  program. 
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Appendix  E 


BRAKING  PERFORMANCE 


Braking  performance  of  the  RSV  is  to  be  measured  in  accordance 
the  test  procedures  contained  in  FMVSS  105-75;  Notice  8,  with  modi- 
fications contained  in  subsequent  Notices  9 through  12  (1) . Results  ob- 
tained by  the  independent  testing  contractor  are  to  be  published  and 
compared  with  performance  specifications  contained  in  that  Standard  (see 
Figure  E-I) . 

Testing  Accuracy 

Test-Retest  Accuracy.  The  second  effectiveness  tests  defined 
in  FMVSS  105-75  will  be  conducted  on  two  separate  skid  pads,  one  surfaced 
with  Portland  cement  and  the  other  with  an  asphaltic  material.  Both  sur- 
faces are  to  have  a locked-wheel  ASTM  Skid  Number  of  75,  to  within  two 
sample  standard  deviations,  when  measured  at  40  mph  according  to  Method 
E-274-65T  of  the  American  Society  for  Testing  Materials.  Dry  surface 
braking  tests  will  be  conducted  at  speeds  between  30  mph  and  60  mph  at 
5 mph  increments . 

Pavement  Calibration.  ASTM  Skid  Numbers  will  be  measured  five 
times  with  the  ASTM  Skid  Trailer  at  30  mph,  40  mph,  and  60  mph  on  both 
skid  pads.  These  measurements  will  be  repeated  using  the  HSRI  Mobile 
Tire  Tester  or  equivalent  equipment  to  determine  the  peak  y-slip  charac- 
teristic of  the  ASTM  Standard  Tire  on  both  test  pads. 

Preparation  of  Accuracy  Findings 

FMVSS  105-75  Braking  Distances  for  Speed  Effectiveness  Tests. 

These  braking  distances  are  to  be  computed  for  speeds  between  30  mph  and 
60  mph  in  5 mph  increments,  using  an  equation  published  by  Murphy  and 
DiLorenzo  in  1972  (2).  Equation  1,  for  computing  "Actual  Stopping  Distances," 

(1)  Hydraulic  Brake  Systems,  Docket  No.  70-27;  Notice  8,  FMVSS  105a,  effec- 
tive September  1,  1975,  Federal  Register,  Vol.  38,  No.  96  - May  18,  1973; 
Notice  9,  August  20,  1973;  Notice  10,  February  22,  1974;  Notice  11,  July  15 
and  July  23,  1974;  Notice  12,  March  6,  1975.  FMVSS  105-75  postponed  effec- 
tive date  January  1,  1976. 

(2)  R.  W.  Murphy  and  F.  A.  DiLorenzo,  "A  Procedure  for  Evaluating  Braking 
Performance,"  HIT  Lab  Report,  Vol.  2,  No.  10,  Highway  Safety  Research  Insti- 
tute, University  of  Michigan,  Ann  Arbor,  Michigan,  June  1972. 
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Figure  E-1 


TABI.E  I— nilAKK  TksT  I’HOOIOUKE 
SKUUENl'K  AMI  UEUUIREUENTS 


Tc.'-t  load  Tpst  Ilcqtllra- 

No.  Ecqucnco  procedure  meiits 

Licht  OVWU 


1 Instrumentation  clicck 

2 Fiist  (prebumisli)  ottcctivcness  test X 

3 Uumisli  iirocc<luio  . X 

4 Srcoml  olfectivencss X 

6 First  rcbtirnisli X 

6 I'ftrkiiK!  brake X X 

7 Third  cflcetivcness  (lightly  loaded  vcliicle) X 

8 Partial  failure X X 

9 Inoiierative  brake  power  and  power  assist  units X 

10  First  fade  and  recovery.. X 

11  Second  reburnish X 

12  Second  fade  and  recovery X 

13  Third  relnirnisli- i X 

14  Fourth  cllectivcliess X 

15  Water  recovery i X 

16  Spike  stops X 

17  Final  insiieetion 

18  Moving  barrier  test , X 


57.2 

87.3 

57.4 

57.5 

87.6 

87.7 

87.8 

87.9 

87.10 

87 .11 

87.12 

87.13 

87.14 

87.16 
87.18 

85.17 

87.18 

87.19 


86.1.1.1 


86.1.1.2 


86.2 

86.1.1.3 

86.1.2 

86.1.3 

86.1.4 


86.1.4 


86.1.1.4 

86.1.6 

86.1.6 

86.6 

S6.2.2J3 


Table  II— Stoppino  Distances  anp  Pedal  Forces 


Stopping  distance  in  feet  for  tests  Indicated 


I 

11 

III 

IV 

Vehicle  test  sliced, 
MPU 

First  (prebumish)  !ind 
fourth  elTrctivciU'Ss; 
spike  etiectiveness 
check 

Sccoud  cfTcctivcncss 

Third  (lightly  loaded 
vehicle)  cffocUvcnoss 

Inoperative  brake 
power  and  iiowcr  a^st 
unit;  partial  latlura 

(a) 

(b) 

(0) 

(a) 

(b) 

(c) 

(a) 

(b) 

(0 

(a) 

(b) 

(c) 

30 

*67 

•66 

•75 

•54 

•57 

•68 

61 

67 

68 

114 

130 

170 

36 

74 

83 

95 

70 

74 

90 

67 

74 

90 

165 

176 

225 

40 

96 

108 

P23 

91 

96 

115 

87 

96 

115 

202 

229 

288 

45 

121 

137 

166 

115 

P21 

143 

110 

121 

143 

257 

291 

358 

60 

160 

169 

1S3 

142 

150 

174 

135 

160 

174 

317 

369 

436 

65 

IHI 

•201 

233 

172 

181 

208 

163 

181 

208 

383 

433 

630 

00 

•JIO  • 

•Mi 

•Til 

•204 

•216 

•■245 

•194 

•216 

••245 

•466- 

•617 

•613 

80 

*405 

•464 

NA 

•383 

•430 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

t)5  - 

607 

C94 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

100 

673 

769  . 

•Distances  for  specified  tests. 

(a)  Passenger  ears. 

(b)  Voliicles  otlier  than  passenger  cars  with  OVWU  of  10,000  lb  or  less. 

(c)  Vehicles  other  tlian  passenger  cars  with  GVW  It  greater  than  10,000  lb. 
NA  Not  apiilicable. 


Table  III— /noprratfre  brake  power  aetisl  and  brake  pmrer  unite 


snip 

No. 

Average  deceleration,  FPSPS 

Equivalent  slopping  distance,  feet 

Column  1— Brake 
|K>wcir  assist 

Column  2— Ilrake 
power  unit 

Column  3 — Brake 
power  assist 

Column  4— Brake 
power  unit 

(ft) 

(b),  (c) 

(a) 

(b),  (c) 

(a) 

(b).  (c) 

(») 

(b),  (c) • 

1 

1G.0 

14.0 

16.0 

13.0 

242 

277 

242 

298 

2 

12.0 

12.0 

13.0 

11.0 

323 

323 

298 

352 

3 

10  0 

10.0 

12.0 

10.0 

3K8 

asH 

323 

3X8 

4 

P 0 

8.6 

11.0 

9.6 

431 

466 

362 

409 

6 

8.0 

7.6 

10.0 

9.0 

4K4 

617 

388 

431 

6 

7.  5 

6.7 

9.5 

8.6 

617 

6X0 

409 

466 

7 

» 7.0 

*6.0 

0.0 

8.0 

654 

640 

431 

4H4 

H 

na. 

na 

8.6 

7.6 

NA 

NA 

466 

617 

0 

N A 

NA 

8.0 

7.0 

NA 

NA 

4X4 

654 

1(i 

na 

NA 

7.6 

6.6 

NA 

NA 

617 

6**8 

11 

NA 

NA 

•7.0 

•6.0 

NA 

NA 

664 

646 

* Depleted. 

(a)  Puwnger  ears. 

(Ii)  VeliichM  other  than  paasenger  cars  with  flVWR  of  10,000  lb  or  lrts.s. 

(i  ) Vcliiclcs  Ollier  Ilian  i>u,s.sciiger  cars  with  (JVWlt  greater  than  10,000  Ih; 
NA  = .Not  ul'l'licahlu. 
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Da  has  been  copied  from  their  work  and  is  given  below, 


2gEy^v 

where  g is  the  gravity  constant,  is  the  initial  test  speed  in  feet/second, 
V*AV  average  brake  force  coefficient,  and  E is  the  braking  efficiency 

of  a tire/vehicle  combination.  The  standard  assumes  that  pavement  friction 
and  braking  efficiency  remain  constant  across  the  speed  range  from  30  mph 
and  60  mph.  Equation  1 will  reproduce  the  FMVSS  requirements  when: 


^AV  ~ 0-75 
E = 0.79 

Pavement  Skid  Number  Variability.  Measurement  dispersion  should 
be  presented  graphically  by  the  testing  contractor  in  the  format  illustrated 
in  Figure  E-2 . Vertical  bars,  determined  from  the  average  braking  distance 
due  to  test-retest  differences  in  ASTM  Skid  Numbers,  + 2 sample  standard 
deviations,  will  be  constructed  on  the  FMVSS  105-75  curve  as  illustrated 
in  Figure  E-2 . These  variations  in  braking  distance  will  be  computed  by 
substituting  the  five  individual  ASTM  Skid  Numbers  for  in  Equation  1 
and  solving  for  D^.  Standard  deviations  (a’s)  will  be  presented  in  the 
graph  at  three  measurement  speeds,  30  mph,  40  mph,  and  60  mph,  and  for 
two  paved  surfaces . 

Skid  Number  as  a Function  of  Speed.  Braking  distances  will  be 
computed  for  speeds  between  30  mph  and  60  mph,  using  three  different  values 
of  y^Y  in  Equation  1.  Separate  braking  distance  curves  will  be  plotted 
in  Figure  E-2  for  the  average  ASTM  Skid  Number  measured  at  each  of  three 
test  speeds,  30  mph,  40  mph,  and  60  mph.  These  three  curves  should  not 
fall  outside  the  + 2a  band  constructed  around  the  FMVSS  105-75  curve  — 
all  computations  to  be  made  with,E  = 0.79. 

If  the  test-retest  band  is  violated  by  one  or  more  of  the  three 
ASTM  Skid  Number  curves,  the  test  pad  surfaces  did  not  exhibit  friction 
constancy  as  a function  of  speed  and  the  surfaces  must  be  considered  in- 
adequate for  tests  of  compliance  to  FMVSS  105-75  braking  distance  require- 
ments. Efficiency  test  procedures  are  defined  below. 
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Stopping,  Distance  - Ft. 


Figure  E-2 


NHTSA  BRAKING  EQUATION 


Speed  - MPH 


* a = denotes  sample  standard  deviation 
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TECHNICAL  NOTE 


Figure  E 3 illustrates  how  braking  distances  might 
differ  from  FMVSS  105-75  if  the  ASTM  Skid  Number 
were  found  to  decrease  with  speed.  The  dotted  curve 
is  a plot  of  braking  distances  according  to  a stan- 
dard braking  distance  formula  used  by  the  American 
Association  of  State  Highway  Officials  (AASHO)  for 
road  design  specifications.*  The  AASHO  standard 
assumes  that  locked-wheel  dry  pavement  friction 
decreases  with  speed.  A braking  efficiency  multi- 
plier was  applied  in  the  AASHO  equation  in  order 
to  match  FMVSS  105  braking  distances  at  35  mph. 

* "A  Policy  on  Geometric  Design  of  Rural  Highways," 
American  Association  of  State  Highway  Officials, 
Washington,  D.C.,  1965. 


Preparation  of  Results,  FMVSS  105-75 

If  conditions  specified  in  the  previous  paragraph  entitled 
"Preparation  of  Accuracy  Findings"  are  met,  then  RSV  performance  results 
for  all  requirements  of  FMVSS  105-75  should  be  published  by  the  testing 
contractor.  Formats  for  publication  are  specified  by  the  Statement  of 
Work  contained  in  RFP  NHTSA-4-B534 , entitled  "Passenger  Car  Braking  Per- 
formance" (3).  The  format  for  Full  System  Effectiveness  test  results  is 
illustrated  in  Figure  E-4. 

Dry  Road  Braking  Efficiencies  (and  "Ideal  Stopping  Distances") 

Braking  Efficiencies  for  Locked-Wheel  Skid  Numbers.  These  ef- 
ficiencies will  be  defined  for  both  asphaltic  and  Portland  cement  test 
surfaces  that  have  been  calibrated  by  locked-wheel  skid  numbers  at  speeds 
of  30,  40,  and  60  mph.  Results  from  the  FMVSS  105-75  second  effectiveness 
tests  previously  described  in  the  paragraph  "Test-Retest  Accuracy"  will 
be  used  for  this  purpose. 

The  braking  efficiency,  E,  for  each  test  speed  and  each  paved 
surface  is  to  be  computed  by  Equation  2,  from  the  work  of  Murphy  and 
DiLorenzo, 

E = (Di/Da)  [2] 

where  Dj^  is  the  "Ideal  Stopping  Distance"  and  D^  is  the  average  of  six 
Second  Effectiveness  Braking  distance  trials  conducted  on  each  paved  sur- 
face at  each  test  speed. 

(3)  Passenger  Car  Braking  Performance,  RFP -NHTSA-4-B537 , issued 
January  29,  1974. 
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Stopping  Distame  - Ft. 


Figure  E-3 


COMPARISON  OF  AASHO  AND  NHTSA 
BRAKING  EQUATIONS 
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Stopping  Distance 


Figure  E-4 


FliVSS  105~7j  PERFORMAl'ICE 


mph 
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1st  2nd  3rd  Final 


Full  System  Effectiveness 
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"Ideal  Stopping  Distances,"  Dj^,  will  be  computed  separately  for 
each  test  speed  and  skid  pad  surface  according  to  Equation  3,  published 
by  Murphy  and  Dilorenzo, 

Di  = Vi2/2gy^^  [3] 

where  is  the  arithmetic  mean  of  five  ASTM  skid  number  measurements 
at  each  test  speed. 

Braking  Efficiencies  for  the  40  mph  ASTM  Skid  Number.  These 
efficiencies  will  be  determined  from  the  procedures  previously  outlined 
in  the  paragraph  entitled  "Dry  Road  Braking  Efficiencies,"  with  the  fol- 
lowing exception. 

"Ideal  Stopping  Distance,"  D , will  be  computed  by  Equation  3 
for  each  skid  pad  surface  using  the  ASTM  Skid  Number  that  was  measured 
at  40  mph  as  the  value  of  y^y  at  each  test  speed  (i.e.,  30,  40,  and  60 
mph)  . 

Braking  Efficiencies  for  Peak  y-Slip  Performance.  These  effi- 
ciencies will  be  determined  using  the  procedures  outlined  in  the  paragraph 
entitled  "Dry  Road  Braking  Efficiencies,"  with  the  following  exceptions. 

"Ideal  Stopping  Distances,"  D^,  will  be  computed  separately  for 
each  test  speed  and  skid  pad  surface  according  to  Equation  3,  but  the  peak 
y-slip  measure  (averaged  for  five  non-locked-wheel  pavement  friction 
measures)  will  be  substituted  for  the  ASTM  Skid  Number  to  define  y^y  for 
each  speed  and  pad  surface.  j 

I 

Preparation  of  "Ideal  Stopping  Distance"  Results  - Dry  Roads 

The  testing  contractor  should  summarize  results  from  the  tests  , 

specified  in  the  paragraphs  above  by  using  the  data  format  illustrated  in 
Table  E-1. 

i 

Table  E-1  i 

,, 

I 

Ideal  Stopping  Distances 

(Dry  Roads) 


Friction 

Asphalt 

Portland  Cement 

Measure 

30  mph 

40  mph 

60  mph 

30  mph 1 40  mph 

60  mph 

Locked  Wheel  y 
(ASTM  SN  at  40  mph) 

i 

Peak  y-Slip 

(At  30,  40,  60  mph) 

i 

i 
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FMVSS  105-75  Requirements.  These  requirements  will  be  met  by 
the  RSV  provided  the  "Ideal  Stopping  Distances"  shown  in  Table  E-1  for 
Locked  Wheel  and  Peak  p-Slip  agree  within  + 2a.  It  is  hoped  that  agree- 
ment is  found,  indicating  that  ASTM-40  mph  pavement  friction  measurements, 
obtained  with  a locked-wheel  skid  trailer,  adequately  represent  brake 
force  coefficients  developed  by  vehicles  which  are  not  permitted  to  lock 
their  wheels  during  FMVSS  105-75  compliance  tests. 

Preparation  of  Braking  Efficiency  Results  - Dry  Roads 

The  testing  contractor  should  summarize  results  from  the  braking 
efficiency  tests  specified  in  the  paragraphs  above  by  using  the  data  for- 
mat illustrated  in  Table  E-2. 


Table  E-2 

Braking  Efficiency 
(Dry  Roads) 


Friction 

Asphalt 

Portland  Cement 

Measure 

30  mph 

40  mph 

60  mph 

30  mph 

40  mph 

60  mph 

Locked  Wheel  y 
(ASTM  SN  at  40  mph) 

Locked  Wheel  y 
(At  30,  40,  60  mph) 

Peak  y-Slip 

(At  30,  40,  60  mph) 

RSV  Dry  Road  Braking  Efficiency  Requirements.  These  require- 
ments which  optimize  the  overall  safety  performance  of  vehicles  over  a 
wide  range  of  wet  and  dry  pavement  friction  values  are  discussed  in  the 
next  section.  If  peak  y-slip  braking  efficiencies  shown  in  Table  E-2 
are  found  to  differ  on  asphalt  and  Portland  cement  surfaces,  then  the 
alternative  method  for  optimizing  performance  given  in  the  next  section 
should  be  used. 

Wet/Dry  Efficiency 

All  braking  procedures  previously  described  for  any  surfaces 
will  be  repeated  on  wet  surfaces. 
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Wet /Dry  Pavement  Braking  Optimization.  The  testing  contractor 
should  present  results  from  wet  and  dry  pavement  tests  in  a format  illus- 
trated by  Figure  E-5 , from  a study  by  Dunlap,  et  al  (4).  Braking  tests 
should  be  conducted  at  a sufficient  number  of  pavement  friction  levels 
to  allow  a peak  braking  performance  level  to  be  identified  from  Figure  E-5. 
This  figure  should  illustrate  how  the  front-to-rear  brake  proportioning 
used  in  the  RSV  was  adjusted  to  favor  braking  performance  on  either  high, 
medium  or  low  friction  roads. 

Accident  Evidence.  To  support  the  specific  RSV  front-rear  brake 
proportioning  selected  to  optimize  performance  on  high,  low,  or  medium 
friction  surfaces,  data  relating  y-incidence  to  accident  rates  should  be 
developed  to  support  the  choice.  Several  accident  studies  are  available 
for  this  purpose  (5,  6,  7). 

Efficiency  Performance  Criteria.  The  minimum  braking  efficiency 
of  the  RSV  shall  be  numerically  equal  to  the  level  required  by  FMVSS  105-75. 
However,  tires  and  brake-proportioning  of  the  RSV  will  not  necessarily  be 
tuned  to  achieve  this  required  level  of  efficiency  on  pavements  with  a 
Skid  Number  of  75,  as  required  by  FMVSS  105.  Rather,  the  testing  con- 
tractor should  propose  a tire  and  brake-proportioning  combination  which, 
according  to  available  accident  data,  will  provide  the  best  overall  com- 
promise between  wet  and  dry  road  driving  conditions. 

FMVSS  105-75  Effectiveness.  The  RSV  pedal  forces  will  meet  all 
requirements  of  FMVSS  105-75  (through  Notice  12).  Pedal  forces  measured 
during  the  effectiveness  tests  should  not  exceed  the  limits  established 
below.  Stopping  rates  in  Table  E-3  are  sustained  deceleration  rates. 


(4)  D.  Dunlap,  P.  Fancher,  R.  Scott,  C.  MacAdam,  L.  Segel,  "Influence  of 
Combined  Highway  Grade  and  Horizontal  Alignment  on  Skidding,"  UM-HSRI-PF- 
74-1,  Highway  Safety  Research  Institute,  University  of  Michigan,  Ann  Arbor, 
Michigan,  September  1974. 

(5)  B.  McCullough  and  N.  Hankins,  "Skid  Resistance  Guidelines  for  Surface 
Improvements  on  Texas  Highways,"  Highway  Research  Record  131. 

(6)  A.  B.  Moore  and  J.  B.  Humphreys,  "A  Study  of  Pavement  Skid  Resistance 
at  High  Speeds  and  at  Locations  Shown  to  be  Focal  Points  of  Accidents," 
University  of  Tennessee  Department  of  Civil  Engineering,  April  1972. 

(7)  "Skidding  Accidents,"  Institute  for  Road  Safety  Research  SWOV,  1970. 
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Average  Coefficient  of  Friction  at  Rear  Wheels 


Figure  E-5 


THE  EFFECT  OF  BRAKE  PROPORTIONING 
ON  BRAKING  PERFORMANCE 


Ideal 
braking 
curves 
h - 2' 
Eqn.  <B') 


F /W 
XF^ 
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Table  E-3 


Deceleration 

5 ft/sec/sec 
10 
15 
20 
25 


Stopping  Rates 

Manual  Brakes 

Power  Brakes 

38  lb 

20  lb 

54 

30 

67 

40 

80 

50 

- V ■ » 

95 

60 

Fade  Tests,  Manual  Brakes.  During  the  first  fade  test,  pedal 
forces  for  the  first  eight  stops  shall  not  exceed  the  limits  by  a straight 
line  interpolation  between  the  following  values: 

Stop  #1  100  lb 

Stop  #8  175  lb 

During  the  second  fade  test,  pedal  forces  for  the  first  ten 
stops  shall  not  exceed  the  limits  established  by  a straight  line  described 
by  the  following  points: 

Stop  #1  110  lb 

Stop  #10  200  lb 

Fade  Tests,  Power  Brakes.  During  the  fade  tests,  the  pedal 
forces  shall  not  exceed  the  following  values: 

Stop  1 Stops  2 thru  4 Stops  2 thru  10 
First  Fade  Test  100  lb  130  lb  — 

Second  Fade  Test  100  lb  — 150  lb 

Pedal  Feel.  Brake  roughness,  shudder,  pedal  free-travel  and 
pedal  feel  must  be  compatible  with  the  image  vehicle  as  determined  by 
jury  evaluation. 

Deceleration/Pedal-Force  Gain.  Pedal  force  boundaries  in  the 
"Technical  Specifications"  for  the  U.  S.  Intermediate  ESV  for  normal  brake 
system  operation  (see  curves  1 and  2 in  Figure  E-6)  are  more  constraining 
than  necessary  according  to  NHTSA  research  by  Segel  and  Mortimer  (8).  They 


(8)  L.  Segel  and  R.  Mortimer,  "Driver  Brake  Performance  as  a Function  of 
Pedal  Force  and  Pedal  Displacement  Levels,"  SAE  Report  No.  700364,  Inter- 
national FISITA  Conference,  1970. 
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recommended  the  boundaries  A and  B shown  in  Figure  E-6.  Pavement  friction 
influences  the  optimum  level,  with  high  gains  more  appropriate  on  high  co- 
efficient surfaces  and  low  gain  appropriate  on  low  coefficient  surfaces. 
Even  so,  their  data  show  little  change  in  deceleration  performance  with 
more  extreme  pedal  force  gains. 
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BRAKE  PEDAL  FORCE,  POUNDS 


Figure  E-6 


VEHICLE  DECELERATION  VERSUS 
BRAKE  PEDAL  FORCE 
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Appendix  F 


FORD  RFSEARCH  T)N  FTE1.,D  OF  VIEW 

The  t leid  ui  view  required  to  see  various  classes  of  objects 
; com  automotive  vehicles  was  investigated  bv  Ford  Motor  Company  in  a 
series  of  researcli  projects  that  included  literature  surveys,  analytical 
studies,  human  factors  tests  and  photographic  road-traffic  surveys.  This 
study  (1)  was  concerned  with  field  of  view  360  degrees  around  the  vehicle 
to  the  following  classes  of  objects: 

Forward  Field:  Side  Field: 

Overhead  Signals 
Curb-mounted  Signals 
Curb-mounted  Signs 
Overhead  Signs 
Standing  Pedestrians 
Moving  Pedestrians 
Fixed  Objects  (Parked  Cars) 

Cyclists 

Intersecting  Vehicles 
Opposing  Traffic 
Same  Direction  Traffic 

Three-dimensional  field  of  view  volumes  enclosing  the  locations 
of  actual  objects  were  constructed  from  the  results  of  the  Ford  studies. 
These  volumes  are  illustrated  in  Figure  F-1. 

Field  of  view  targets  generated  analytically  from  the  volumes, 
ma\'  be  used  as  simplified  two-dimension  repres-sitations  of  the  volumes. 

The  relationships  between  the  targets  and  their  parent  volumes  may  be  seen 
bv  comparing  Figure  F-1  (the  volumes)  with  Figure  F-2  (the  targets). 

Composite  field  of  view  targets  shown  to  scale,  are  given  for 
ihe  forward  field  (Figure  F-3),  the  side  fielu  (Figures  F-4  and  F-3)  and 
the  rear  field  of  view  (Figure  F-6)  . Ihesc  arc  illustrated  in  rerm.s  of 
field  of  view  angles  to  see  tlie  targets  from  a passenger  car.  Detailed 
presentations  of  the  targets  in  rectilinear  coordinates  ar^-  given  in 
Reference  (2).  These  mav  he  used  to  comput  ' field  view  angles  fc' 
passenger  cars. 


Overtaking  Vehicles  - Peripheral  Vision 
Overtaking  Vehicles  - Mirror  Vision 


Rear  Field : 

Cars  and  Trucks  Rear-Approaching 

33  feet  to  50  feet  Behind  the  Driver 
50  feet  to  100  feet 
100  feet  to  200  feet 
200  feet  and  Beyond 


('!'>  "Field  of  Viev’  . ’.■.vv,  Automotive  V eh  i c bv.  , 
sunmitted  to  NtiTS  . i .t.'ber  5,  1972  in  Il-spcui': 
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Figure  F-2 

VISIBILITY  TARGETS  SUBSTITUTED  ,R  VOLUMES 
THAT  ENCLOSE  VARIOUS  REAL  WORLl;  OBJECTS 
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Forward  Field  of  View.  Forward  field  of  view  targets  (Targets  I, 

II,  and  III  in  Figure  F-2)  were  summarized  into  a single  computer-generated 
composite  picture  in  Figure  F-3a.  The  figure  illustrates  how  tlie  forward  field 
of  view  targets  would  appear  when  viewed  through  the  windshield  of  a cur- 
rent model  passenger  car  from  a specific  eye-to-ground  distance.  The  com- 
posite target  will  change  its  apparent  size,  shape,  and  location  if  viewed 
from  other  eye-to-ground  distances.  The  exact  target  specifications  for 
other  eye-to-ground  distances  can  be  obtained  from  Table  F-1.  Each  column 
of  the  table  defines  a complete  composite  target  for  a specific  range  of 
eye-to-ground  distances  in  passenger  cars.  These  tabulated  values  express 
the  horizontal  and  vertical  angles  for  lines-of-sight  between  a driver's 
eyes  and  the  perimeter  of  the  forward  composite  target.  When  the  angles  are 
plotted,  a picture  similar  to  Figure  F-3a  will  be  generated  for  the  speci- 
fied height.  It  should  be  noted  that  horizontal  line-of-sight  angles  to 
the  target  (Table  F-1,  Column  1)  remain  constant  for  all  eye-to-ground 
heights.  These  horizontal  angles  are  illustrated  in  plan  view  in  Figure  F-3b 
and  cover  the  forward  126-degree  field  of  view  for  the  passenger  car. 


Table  F-1 

Llno-of-Sight  Angles  to  Composite  Forward  Target  for 
Various  Eye-to-ground  Distances 


Elevation  Angles 

(Degrees) 

HorlzontaLl 

Range 

ot  Eye-to-ground  Distances  (Inches) 

Angle* 

39.0 

40.7 

42.5 

43.4 

44.2 

45.1 

46.0 

47.0 

49.5 

51.2 

(Deg.) 

4o.6 

42.4 

43.3 

44. 1 

45.0 

45.9 

•17.7 

49.4 

51.1 

53.0 

1 

2.0 

2.0 

1.9 

1.9 

1.9 

1.9 

1.8 

1.8 

1.7 

2.2 

2.1 

2.0 

2.0 

1.9 

1.9 

1.9 

1.9 

1.9 

1.9 

IM..’ 

5.7 

5.4 

5.1 

5.0 

4.8 

4.6 

4.2 

3.9 

3.6 

3.3 

:m.4 

5.7 

5.4 

5.1 

5.0 

4.0 

4.6 

4.2 

3.9 

3.6 

3.3 

l"*!  .4 

6.8 

6.7 

6.6 

6.6 

6.5 

6.5 

6.4 

6.3 

6.2 

6.2 

DO. 8 

6.0 

6.7 

6.6 

6.6 

6.5 

6.5 

6.4 

6.3 

6.2 

6.2 

D('.8 

7.5 

7.4 

7.3 

7.3 

7.2 

7.2 

7.1 

7.0 

6.9 

6.8 

i.’.5 

7.9 

7.8 

7.7 

7.6 

7.6 

7.6 

7.5 

7.4 

7.3 

7.2 

1D.5 

12.7 

12.6 

12.5 

12.5 

12.4 

12.4 

12.3 

12.3 

12.2 

12.1 

-.’.6 

12.9 

12.9 

12.8 

12.7 

12.7 

12.6 

12.6 

12.5 

12.4 

12.4 

-d.6 

11.2 

11.1 

11.0 

10.9 

10.9 

10.8 

10.8 

10.7 

10.6 

10.5 

-11.1 

11.2 

11.1 

11.0 

10.9 

10.9 

10.8 

10.8 

10.7 

10.6 

10.5 

-11.1 

7.9 

7.7 

7.6 

7.6 

7.5 

7.5 

7.4 

7.3 

7.2 

7.1 

-12.7 

7.9 

7.7 

7.6 

7.6 

7.5 

7.5 

7.4 

7.3 

7.2 

7.1 

-12.7 

5.9 

5.6 

5.3 

5.1 

5.0 

4.8 

4.7 

4.3 

4.0 

3.7 

-17.6 

5.9 

5.6 

5.3 

5.1 

5.0 

4.0 

4.7 

4.3 

4.0 

3.7 

-17.6 

2.2 

2.1 

2.0 

2.0' 

1.9 

1.9 

1.9 

1.9 

1.8 

1.0 

-63.4 

2.1 

2.0 

2.0 

1.9 

1.9 

1.9 

1.9 

1.0 

1.8 

1.7 

63.4 

-1.1 

-1.1 

-1.1 

-1.2 

-1.2 

-1.2 

-1.3 

-1.3 

-1.4 

-1.4 

45.0 

-1.7 

-1.7 

-1.8 

-1.0 

-1.9 

-1.9 

-1.9 

-1.9 

-1.9 

-1.9 

26.7 

-2.1 

-2.2 

-2.3 

-2.3 

-2.4 

-2.4 

-2.5 

-2.5 

-2.6 

-2.7 

23.2 

-2.  1 

-2.2 

-2.3 

-2.3 

-2.4 

-2.4 

-2.5 

-2.5 

-2.6 

-2.7 

2). 2 

-2. 1 

-2.2 

-2.3 

-2.4 

-2.6 

-2.8 

-3.0 

-3.2 

-3.5 

-3.8 

21.4 

-2. 1 

-2.2 

-2.3 

-2.4 

-2.6 

-2.8 

-3.0 

-3.2 

-3.5 

-3.8 

O.P 

-2. 1 

-2.4 

-2.5 

-2.6 

-2.8 

-3.0 

-3.2 

-3.5 

-3.8 

-17.6 

-2. 1 

-2.2 

-2. 1 

-2.4 

-2.6 

-2.7 

-2.9 

-3.2 

-3.5 

-3.0 

-17.6 

-2. 1 

-2.2 

1 

-2.  3 

-2.4 

-2.5 

-.2.5 

-;\6 

-2.7 

-X’.l 

-2. 1 

-2.2 

2. 3 

-2.J 

-2.4 

-2.1 

2.5 

-2.fi 

-2.7 

• 1.7 

1.7 

I.M 

i.n 

-1.9 

-1.9 

1.9 

1.9 

1.9 

-1.9 

(•  1.4 

1. 1 

1 . 1 

1.  1 

1 

■ 1.2 

-1.2 

1.  1 

1.3 

1.4 

1.4 

•III 
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tlEVATION  ( degrees) 


Figure  F-Jki 

FORWARl')  FiEl/0  OF  VIEW  TARGETS  AS  SEEN  nY  A DRIVER 
SEATED  LN  A CUR.RENT  MODi:i„  PASSENGER  GAR 
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PLAN  VIEW  OF  THE  COMPOSITE  E(TM■;/^^E 


FIELD  or  VIEVJ 


Side  Field  of  View.  Side  field  of  view  criteria  were  developed 
to  describe  the  driver’s  side  field  of  view  to  vehicles  passing  in  an 
adjacent  lane.  This  side  field  was  treated  in  two  parts:  vision  without 

mirrors  and  vision  through  mirrors.  The  side  field  of  view  through  mirrors 
(Peripheral  Vision  Zone)  is  based  upon  driver  peripheral  vision  capability 
— the  ability  of  drivers  to  see  a much  larger  visual  scene  than  only  the 
area  of  central  focus.  Peripheral  vision  was  measured  in  field  tests  and 
found  to  be  70  degrees  off  the  line  of  sight  as  illustrated  in  Figures  F-4a, 
and  F-4b.  Figure  F-4a  illustrates  the  Peripheral  Vision  Zone  on  the  right 
as  it  appears  to  the  driver  of  a current  passenger  car.  Figure  F-4b  is  a 
plan  view  showing  the  horizontal  angles  subtended  by  the  zones.  The  for- 
ward edge  of  this  Peripheral  Vision  Zone  starts  at  the  outboard  edge  of 
the  most  peripherally  located  mirror  on  each  side  of  the  vehicle.  It  ex- 
tends rearward  70  degrees  as  illustrated.  Although  the  Peripheral  Vision 
Zone  tends  to  be  thought  of  as  extending  rearward  from  the  line  of  sight! 
to  the  mirror,  the  driver  also  has  peripheral  vision  capability  forward 
of  his  central  line  of  fixation.  This  forward  peripheral  vision  capability 
has  not  been  illustrated  in  fixation.  This  forward  peripheral  vision  capa- 
bility has  not  been  illustrated  in  Figure  F-4b  for  the  sake  of  clarity. 

The  Peripheral  Vision  Zones  may  or  may  not  be  symmetric  on  both  sides  of 
the  vehicle,  depending  upon  where  the  mirrors  are  located. 

The  driver's  Peripheral  Vision  Zone  is  basically  a property  of 
the  eye.  It  floats  with  the  driver's  line  of  sight  as  he  searches  the 
driving  environment.  Once  the  rear  view  mirrors  have  been  placed  in  the 
vehicle,  the  Peripheral  Vision  Zone  can  be  "frozen"  around  the  driver’s 
sight  line  to  the  mirrors.  The  Peripheral  Vision  Zone  in  that  position 
then  establishes  the  peripheral  vision  target,  the  area  in  which  the 
driver  sees  vehicles  overtaking  him  in  an  adjacent  lane  without  requiring 
the  aid  of  a mirror.  The  specific  procedure  for  establishing  the  location 
of  this  target  is  described  in  Reference  (3). 

The  side  field  of  view  through  mirrors  (Overtaking  and  Passing 
Vehicle  Mirror  Zone)  is  based  upon  a target  that  represents  headlamps  of 


(3)  "Field  of  View...,"  Op.  Cit. 


Figure  F-4a 

PFRTPHERAL  VISION  ZONE  FOR  VIEWING  VEHICLES  PASSING  IN  AN  ADJACENT  ^ANE 
BY  A SHORT  DRIVER  FROM  A CURRENT  MODEL  PASSENGER  CAR  (RIGHT  SIDE  ILLUSTRAT  ) 


Figure  F-4b 

PLAN  VIEW  OF  PASSING  VEHICLE  PERIPHERAL  VISION  ZONE 


LIMIT  OF  PERIPHERAL/ 
VISION  on  loft 
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vehicles  in  an  adjacent  lane,  ranging  in  height  above  ground  from  24 
inches  (compact  cars)  to  54  inches  (trucks) . Figure  F-5a  illustrates 
how  a compact  car  passing  on  the  right  in  the  adjacent  lane  would  appear 
to  a driver  looking  through  the  rear  view  mirror  (if  the  mirror  were  of 
infinite  size).  The  target  shown  in  Figure  F-5b  represents  the  trajec- 
tory of  headlamps  on  vehicles  of  all  sizes  that  are  approaching  from  the 
rear  in  adjacent  lanes.  Figure  F-5c  is  a plan  view  showing  the  horizon- 
tal angles  subtended  by  the  targets.  Table  F-2  gives  the  target  coordi- 
nates in  terms  of  horizontal  and  vertical  line-of-sight  angles  from  the 
driver's  virtual*  eye  point  to  target  boundary  points  for  various  virtual 
eye-to-ground  distances.  The  Overtaking  and  Passing  Vehicles  Mirror  Zone 
overlaps  both  the  Peripheral  Vision  Zone  and  the  Rear  Visibility  Zone 
which  is  shown  in  Figure  F-6b. 

Rear  Field  of  View.  Rear  field  of  view  (vision  through  mirrors) 
used  following  cars  as  a basis  for  a target.  Rear  field  of  view  targets, 
representing  the  headlamps  of  vehicles  in  the  traffic  pattern  50  to  200 
feet  behind  the  driver,  are  summarized  into  a single  composite  target 
illustrated  in  Figure  F-6a.  The  figure  shows  the  appearance  of  the  com- 
posite target  (Rear  Field  of  View  Zone)  as  seen  by  a particular  driver  of 
a current  model  passenger  car  through  an  infinitely  large  mirror.  Fig- 
ure F-6b  is  a plan  view  showing  the  horizontal  angles  subtended  by  the 
target  which  remain  constant  for  all  eye-to-ground  heights.  Table  F-3 
gives  the  target  coordinates  in  terms  of  horizontal  and  vertical  line-of- 
sight  angles  from  the  driver's  virtual**  eye  point  to  target  boundary  points 
associated  with  interior  mirrors  located  on  the  centerline  of  the  vehicle. 


*The  values  in  Table  F-2  apply  only  to  virtual  eye  points  located  in  the 
vehicle  centerline.  Methods  for  determining  the  virtual  eye  point  for 
any  eye-to-mirror  relationship  and  for  generating  target  angular  coordi- 
nates from  any  virtual  eye  height  are  given  in  Reference  4. 

**Methods  for  determining  the  virtual  eye  point  for  any  eye-to-mirror  re- 
lationship are  given  in  Technical  Note  No.  9,  Reference  5.  Methods  for 
generating  target  angular  coordinates  from  any  virtual  eye  height  are 
given  in  Technical  Note  No.  2,  Reference  6. 

(4)  "Field  of  View...,"  Op.  Cit . 

(5)  Ibid. 

(6)  Ibid. 
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FLEVATION  (degrees) 


Figure  F-5a 


OVERTAKING  VEHICLE  AS  SEEN  THROUGH  A MIRROR  OF 
INFINITE  SIZE  IN  A CUPHENT  MODEL  VEHICLE 


Figure  F-5b 

MIRROR  VIEW  OF  OVERTAKING  VEHICLE  TARGET 
AREA  AS  SEEN  FROM  A CURRENT  MODEL  VEHICLE 
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Figure  F-5c 


PLAN  VIEW  OF  OVERTAKING  VEHICLE  MIRROR  ZONE 


Table  F-2 

Side  Field  of  View 


Line-of-Slght  Angles  to  Composite  Side  Target  fo 
Various  Eye-to-^ round  Distances 


Elevation  Angles  (Degrees) 


Hcrizontal 
Angl e* 
Jog. ' 

39.0 

-0.6 

Range  of  Eye-to 
90.7  92.5  93.9 
92.4  93.3  49.1 

-ground  Distances 

4 .2  45.1  96.0 
45.0  45.9  97,7 

(Inches' 

97.8  99,5 

49.9  51.1 

51 

53 

.2 

.0 

j 

5.9 

4 

5 

3.8 

3.4 

3.0 

2.5 

1.8 

0.2 

-0 

,9 

90 

.3 

-9.1 

-10 

0 

-10.7 

-11.1 

■11.5 

-12.0 

-12.6 

-13-5 

-■4.3 

-15 

' 5^^ 

^ n 

2.6 

2 

2 

1.9 

1.6 

1.5 

1.2 

0.9 

0.5 

o.c 

-b 

'iC 

.7 

-■^.5 

-9 

9 

-3.3 

-5.5 

-3.7 

-5.9 

-6.3 

-6.7 

-7.1 

c 

^.5 

1 

2 

1.0 

.'0.9 

0.8 

0.7 

0.5 

0.3 

0.0 

-0 

2 

' 6- 

. 

-2.5 

-2« 

7 

-2.9 

-3.1 

-3.2 

-3.3 

-3-5 

-3.7 

-3.9 

2 

-90 

5.9 

5 

3.8 

3.4 

3.0 

2.5 

1.8 

0.0 

2.1 

-0. 

9 

-9C 

3 

-9.2 

-10. 

0 

-10.7 

-11.1  - 

n.5 

-12.0 

-12.6 

-13.5 

••'9.3 

-IS 

1 

-'5C 

7 

2.6 

2. 

2 

1.9 

'.6 

1.5 

1.2 

0.9 

0.5 

0.0 

-c. 

-'5C 

7 

--.5 

-V. 

9 

-3.3 

-5.5 

-5.7 

-3.9 

-6.3 

-6.7 

-7.1 

-7. 

s 

- :6‘- 

■i 

J 

1 .5 

1. 

2 

'.0 

0.9 

0.8 

0.7 

0.5 

0.3 

0.0 

-0. 

-i6'- 

-2.  5 

-2. 

7 

-2.2 

-3.1 

-3.2 

-3.3 

-3.5 

-3.7 

-3.9 

-9 

C. 

*Horizonta.l  angle  does  not  change  vrith  eye-to-ground  dlstanoel 
Minus  (-')  horizontal  angle  is  on  left  side  of  vehicle,  plus  (*> 
on  right. 
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ELEVATION  (degrees) 


Figure  F-6a 


REAR  FIELD  01  VIEW  TARGETS  AS  SEEN  BY  A DRIVER  SEATED 
IN  A CURRENT  MODEL  PASSENGER  CAR 
THIS  VIEW  REPRESENTS  WHAT  WOULD  BE  SEEN  THROUGH  A REAR 
VIEW  MIRROR  OF  INFINITE  SIZE 


AZIMUTH  (degrees) 


Figure  F-6b 


PLAN  VIEW  OF  THE  REAR  FIELD  OF  VIEW  ZONES 
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Table  F-3 


REAR  FIELD  OF  VIEW 

Line-of-sight  Angles  to  Composite  Rear  Target  for 
Various  Eye-to-ground  Distances 


Elevation  Angles  (Degrees) 


Horizontal 
Angle* 
(Deg.)  1 


39.0 

40.6 


40.7 

4o.4 


Range  of  Eye-to-ground  Distances  (Inches) 

' - 43.4  " ' 


42.5 

43.3 


44. 1 


44.2 

45.0 


45.1 

45.9 


46.0 

47.7 


47.8 

49.4 


49.5 

51.1 


51.2 

53.C 


-155.6  1 

-0.2 

-0.4 

-0.5 

-0.6 

-0.6 

-0.7 

-0.8 

-1.0 

-1.2 

-1.3 

-155.6 

1 -2.2 

-2.3 

-2.5 

-2.5 

-2.6 

-2.7 

-2.8 

-3.0 

-3.1 

-3.3 

-168.^ 

! 1.0 

0.9 

0.7 

0.6 

0.5 

0.4 

0.3 

0,1 

-0.1 

-0.3 

-168.4 

! 1.0 

0.9 

0.9 

0.8 

0.8 

0.8 

0.7 

0.7 

0.6 

0.6 

-176.8 

1.7 

1.6 

1 .4 

1.3 

1.3 

1.2 

1.0 

0.9 

0.7 

0.5 

176.6 

-2. 1 

-2.2 

-2.4 

-2.4 

-2.5 

-2.6 

-2.8 

-2.9 

-3.1 

-3.3 

174.7 

I 1.7 

1.5 

1.4 

1.3 

1.2 

1.2 

1 .2 

1.1 

1.1 

1.0 

17-.. 7 

1.7 

1.5 

1.4 

1.2 

1.2 

1.1 

1 .0 

0.9 

0.7 

0.5 

’56.6 

1.6 

1.5 

1.3 

1.2 

1.2 

1.1 

1.0 

0.8 

0.6 

0.5 

’56.6  i 

i 

! *'’9 

i 

-2.0 

-2.2 

-2.3 

-2.3 

-2.4 

-2.5 

-2.7 

-2.8 

-3.0 

‘Horizontal  angle  does  not  change  with  eye-to-ground  distance. 
Minus  (-)  horizontal  angle  is  on  left  side  of  vehicle,  plus  (+) 
on  right. 
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Obstructions  to  Field  o*f  View.  An  important  consideration  in 
determining  a driver’s  field  of  view  out  the  right  side  window,  and  the 
peripheral  field  of  view  when  looking  into  the  inside  rear  view  mirror  or 
the  right  outside  mirror,  is  the  obstruction  caused  by  the  right  front 
passenger.  A design  aid  that  can  be  used  in  the  development  of  an  ade- 
quate field  of  view  for  the  RSV  is  the  graphics  system  described  later  in 
this  Appendix.  This  graphics  system  can  be  used  to  determine  the  extent  of 
passenger  head  obstruction,  using  SAE  Recommended  Practice  SAE  J1052  to 
describe  passenger  head  position.  This  description  of  passenger  head  posi- 
tion provides  the  obstruction  that  would  occur  over  a sitting  height  range 
of  95  or  99  percent  of  the  population.  It  takes  into  consideration  the 
hair  line  and  is  based  on  previous  studies  of  eye  location,  reported  in 
References  7 and  8. 

Methods  of  Application  - Field  of  View  Targets.  The  Ford  field 
of  view  targets  may  be  applied  to  the  design  and  evaluation  of  windshield 
openings  and  mirror  systems  by  use  of  any  of  the  five  alternative  methods 
listed  below.  This  is  made  possible  by  using  the  specifications  and  field- 
of-view  tables,  along  with  the  data  on  the  size,  shape,  and  position  of 
each  target  as  described  in  Reference  9. 

1.  Full-size  field  targets  may  be  constructed  according  to  the 
size  specifications  given  in  Reference  10  and  viewed  through  the  windshield 
of  the  vehicle. 

2.  Reduced-size  targets  for  use  inside  buildings  at  shorter 
viewing  distances  may  be  constructed  from  the  angular  data  given  in 
Reference  11. 


(/)  J.  F.  Meldrum,  "Automobile  Driver  Eye  Position,"  8AE  Paper  No.  650464, 
Presented  at  Mid-Year  Meeting,  Chicago,  IJ.Tiaois,  May  1965.  B 

I 

(8)  D.  C.  Hammond  and  R.  W.  Roe,  ' Driver  Head  and  Eye  Position,  SAE  H 

Paper  No.  720200,  Presented  at  SAK  Automotive  Engineering  Congress,  Detroi* 
Michigan,  January  1972.  I 

(9)  "Field  of  View...,"  Op.  C.t.  9 

(10)  Ibid.  I 

(11)  Ibid.  I 
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3.  Drafting  methods  traditionally  used  in  automotive  design  may 
be  applied  to  the  angular  data  in  Reference  12.  These  angles  specify  the 
direction  of  a tangent  cutoff  vector  from  the  SAE  eyellipse  to  the  Over- 
head Signal  Target.  Approximations  based  on  plane  angles  may  also  be  used. 

4.  Engineering  transits  can  be  placed  at  the  drivers  eye  loca- 
tions and  aimed  out  of  the  windshield  at  the  angles  specified  in  Table  F-1. 
This  methpd  was  used  by  General  Testing  Laboratories  in  1971  under  con- 
tract to  NHTSA  (13) . 

5.  Graphic  plots  of  the  target  coordinate  angles  from  Table  F-2 
may  be  superimposed  on  the  angular  coordinates  of  the  windshield.  Obstruc- 
tions produced  by  the  vehicle  structure  can  be  observed  by  direct  visual 
inspection  of  the  superimposed  computer  plots.  This  graphic  option  (de- 
scribed below)  can  be  used  to  check  the  field  of  view  performance  of  the 
Research  Safety  Vehicle  (RSV) . 

Field  of  View  Gompliance  Testing-Graphics,  Method  Option.  A 
method  that  can  be  used  to  analyze  the  RSV  in  terms  of  its  forward,  rear- 
ward and  side  fields  of  view  is  the  Gomputer  Graphics  Method,  described 
below.  This  is  an  analytical  technique  in  which  the  vehicle  and  mirror 
systems  are  carefully  measured  to  determine  the  exact  locations  of  window 
openings,  optical  surfaces  and  the  design  location  of  the  driver's  eyes. 

The  criterion  targets  and  the  driver  eye  locations  used  are  those  speci- 
fied in  the  Ford  Visibility  Standard  (14) . 

An  example  of  the  application  of  the  grphics  method  to  the  RSV 
vehicle  design  is  shown  in  Figure  F-7.  This  figure,  based  on  information 
describing  the  RSV  vehicle  early  in  March  1975  shows  the  amount  of  binocu- 
lar obscuration  expected  of  the  Ford  Forward  Visibility  Targets  due  to  the 
right  A-pillar  when  viewing  to  the  right,  as  well  as  the  amount  of  binocu- 
lar obscuration  due  to  the  left  A-pillar  when  viewing  to  the  left. 


(12)  "Field  of  View...,"  Op.  Git. 

(13)  "Vehicle  Obstructions  in  Direct  Field  of  View,"  General  Testing  Labora- 
tories,  "Report  No.  A-3360-10,  April  26.  1971. 

(14)  "Ford  Proposed  Visibility  Standard  - Fields  or  Direct  View,"  Ford 
Motor  Company  response  to  Docket  70-7;  Notices  2 and  3,  submitted  to 
NHTSA  on  October  5,  1972  plus  amendments.  Kefer  to  NHTSA  File  Numbers 
63,  63a,  96,  102,  106,  and  106a. 
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Figure  F-7 

MEASUREMENT  OF  LEFT  AND  RIGHT  A-PILLAR  - BINOCULAR  VIEWS 
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Another  example  of  the  use  of  the  graphics  method  in  the  RSV 
f ield-of-view  design  is  shown  in  Figure  F-8.  This  figure,  again  based 
on  preliminary  information,  illustrates  a right  peripheral  zone  as  dis- 
played by  the  graphics  program.  This  peripheral  zone  begins  at  the  right 
edge  of  the  right-most  mirror  and  extends  rearward  75.5  degrees.  Note 
that  the  zone  is  partially  obscured  by  the  right  headrest  and  by  the 
right  B-pillar.  The  width  of  the  obscuration  is  not  acceptable  and  the 
right  side  window  openings  are  being  redesigned  to  allow  adequate  visi- 
bility in  this  area. 

Description  of  Graphics  Method. 

1.  Vehicle  preparation:  The  vehicle  is  placed  on  an  engineer- 

ing test  plate  and  adjusted  to  design  attitude. 

NOTE;  Design  attitude  is  approximately  equal  to  a 
vehicle's  resting  position  with  a full  com- 
plement of  passengers  and  fuel. 

2.  Window-Mirror  Locations:  The  size,  shape  and  locations  of 

the  rear  view  system  (interior  and  exterior  mirrors)  and  relevant  opaque 
vehicle  structures  (e.g.,  edges  of  windows,  the  hood,  trunk  lid,  etc.,) 
are  measured  using  an  x,  y,  z coordinate  system  illustrated  in  Figure  F-9. 
Points  around  the  edges  of  vehicle  windows  and  mirrors  are  measured,  using 
three  (x,  y,  z)  rectilinear  coordlpate  values  to  quantify  the  location  of 
each  point  relative  to  the  vehicle  design  body  coordinate  zero  reference. 
Enough  points  are  taken  to  ensure  a good  representation  of  the  window  or 
mirror  shape.  The  resulting  location  data  serves  as  input  to  a graphics 
system  used  for  FOV  analysis.  A computer  reproduction  of  the  x,  y,  z 
coordinate  input  data  is  illustrated  in  side  view  in  Figure  F-10.  A front 
view  of  the  rear  window  is  shown  in  Figure  F-11. 

3.  Data  Transformation  to  Polar  Perspective  Plots:  The  x,  y,  z 

coordinate  measures  of  window  and  mirror  system  locations  are  transformed 
into  polar  equivalents.  Each  point  on  the  edge  of  a mirror  or  window  is 
then  expressed  in  terms  of  a horizontal  and  a vertical  angle  and  a vector 
length  originating  at  the  driver's  eye.  The  mathematics  involved  in  con- 
verting from  rectilinear  to  polar  coordinates  relies  on  several  trigono- 
metric identities.  These  identities  are  summarized  in  Figure  F-12. 
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Figure  F-9 


Rectilinear  Coordinate  System  Used  in  Automotive  Design 
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Figure  F-12 
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Rear  View  Through  an  Infinite  Size  Mirror 
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The  pairs  of  polar  angles  for  each  point  are  then  plotted  to 
produce  perspective  pictures  of  the  window  (daylight)  openings  and  the 
mirror  FOV  coverage.  A sample  perspective  picture  is  illustrated  in 
Figure  F-33. 

NOTE:  By  means  of  polar  coordinates,  most  of 

the  important  properties  of  three- 
dimensional  space  can  be  represented 
pictorially  in  a two-dimensional  draw- 
ing. A polar,  or  perspective,  picture 
appears  to  distort  the  shape  of  objects, 
as  does  a wide  angle  photograph,  but  it 
preserves  the  important  property  of  ob- 
ject superposition  (overlap) . Perspec- 
tive pictures  of  car  daylight  openings 
and  mirror  openings  can  be  superimposed 
on  polar  drawings  of  the  road  and  road- 
surround.  Objects  on  the  road  that 
appear  to  be  behind  opaque  vehicle 
structure  will,  in  the  real  situation, 
be  hidden  from  view. 

4.  Eye  Location:  Procedures  for  locating  the  driver's  eyes 

within  each  test  vehicle  are  taken  from  SAE  Recommended  Practice  J941c 
and  the  Ford  submission  to  Docket  70-7;  Notices  2 and  3,  September  18, 
1974  (15). 

NOTE:  The  perspective  views  of  the  driver's 

forward  scene  and  of  the  car  daylight 
openings  change  (see  Figure  F-14)  as  the 
driver's  eye  vantage  point  is  changed 
from  the  left  to  the  right  eye  or  moved 
over  the  surface  of  the  SAE  Eyellipse. 

This  eye  point  movement  also  produces 
changes  in  the  rear  field  of  view  as 
seen  through  mirrors.  The  rear  view. 


(15)  "Ford  Proposed  Visibility  Standard...,"  Op.  Cit. 
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Figure  F-14 


Two-Eyed  (Amb inocular)  Plot  of  Driver's  Forward  View 
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however,  instead  of  being  generated 
directly  from  driver  eye  positions, 
is  defined  from  "virtual"  eye  locations 
specific  to  each  mirror  system. 

5.  Virtual  Eye  Location:  The  virtual  eyes  are  positioned 

analytically  behind  the  mirror  surface  at  the  optical  image  points  of 
the  driver’s  eyes.  Left  and  right  virtual  eye  points  of  a rear  view 
mirror  are  illustrated  in  Figure  F-15. 

NOTE:  The  field  of  view  from  the  eyes  through 

the  mirror  is  the  same  as  the  field  of  view 
from  the  virtual  eye  points.  The  scene  is 
the  same  as  if  the  mirror  were  replaced  by 
transparent  materials  as  illustrated  in 
Figure  F-15.  From  these  virtual  eye  points, 
the  polar  perspective  picture  (Figure  F-16) 
simulates  the  view  that  the  driver  would 
see  if  he  were  looking  through  an  infinite 
size  interior  rear  view  mirror. 

The  outline  of  the  mirror  is  then  superimposed  on  the  view  (Fig- 
ure F-17)  to  indicate  how  much  of  the  rear  scene  can  actually  be  seen 
through  the  mirror.  Note  that  the  left  side  of  the  view  represents  the 
left  side  of  the  vehicle,  and  the  right  side  of  the  view  the  right  side 
of  the  vehicle.  This  is  consistent  with  the  view  obtained  through  mirrors 
in  a real  vehicle. 

Each  mirror  in  the  rear  view  system  has  uniquely  different 
virtual  eye  locations.  As  a result,  the  same  rear  scene  will  look  quite 
different  through  different  mirrors  even  though  the  driver's  true  eye 
position  doesn't  change.  Figure  F-18  shows  the  same  rear  scene  as  Fig- 
ure F-17,  but  from  virtual  eye  points  appropriate  to  a left  side  mirror. 

Target  areas  derived  from  the  Ford  Visibility  Standard  can  be 
shown  in  polar  perspective  for  forward,  side,  and  rearward  fields  of  view 
for  the  RSV.  These  (target)  line  drawings  can  be  superimposed  on  the  line 
drawings  of  the  vehicle  structure,  and  can  indicate  the  performance  of 
the  window  openings  and  the  mirror  system  coverage  in  terms  of  visibility 
of  the  targets. 
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Figure  F-15 


Vertical  Eye  Points  of  Rear  View  Mirror  System* 


-'Virtual  eye  location  equations  are  given  in  SAE  Report  SP  381,  May  1973,  p.  129 
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Figure  F-16 


Driver’s  View  to  the  Rear  Through  an  Infinite  Size  Mirror 
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Figure  F-17 

Driver's  View  to  the  Rear  Through  a Rear  View  Mirror 
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Driver's  View  to  the  Rear  Through  an  Infinite  Size  Mirror 

ELEVATI0N  I DEGREES) 


VEHICLE  APPROACHING  FROM  THE 


F-25 


01*t  91 


*jai  '‘^  fijj 


’immmmn  ■ ■ '1*  " "SI  ’‘‘•V’.,,  -1.“’  "‘i’’"* 


fcr,  ra 

rjMi^WtUnir^  imwisk 


11 


.f  ACi^.' wwrtr^ 


w*; 


f f ^ 


'IHT  WO«y!aWH3»6il«HA.4i!ill*i**'-ii^ 


& . 


35^-*  ■- ;*!?»■ 


ate' 


V ■ 


7t 


"■  fltiT  .»wsii  wof- 

wipi 


(213TO30i  HTutil! 


N 


Nt'. 


„ nemJb^-l  >■  ' 

A««r  ' iJ 

U " 'K*^rtR9'  ■ ■' ' '».  ‘ ■>  . ' '■  ;'  |,^ 


fiii 


m 


■fe 


r*^ 


I -IE: 


f 


is 


:yj>  . 


I'  di  l 


■;''>v>;f ... 

f ' • '■ 


t.  *1^. 


■i, . 


m 


Appendix  G 


HEADLIGHT  EVALUATION  MODEL 

Ford  Motor  Company  has  a headlight  research  program  whose  pur- 
pose is  to  develop  a model  which  will  evaluate  various  headlight  systems 
in  terms  of  a single  overall  "figure  of  merit"  reflecting  several  measures 
of  driver  visual  performance  under  night  driving  conditions.  The  Headlight 
Evaluation  Model  simulates  relevant  aspects  of  the  night  highway  environ- 
ment and  incorporates  a computer  Seeing  Distance  Model  which  determines 
the  illumination  conditions  produced  by  vehicle  lighting  and  environmental 
factors  and  computes  glare  at  the  driver's  eyes  and  the  resulting  seeing 
distance  to  vertical  and  horizontal  (road  delineation)  targets. 

The  seeing  distance  and  the  glare  calculations  for  the  Seeing 
Distance  Model  are  currently  derived  from  laboratory-based  formulations 
of  human  vision  capabilities.  A program  of  field  research  is  underway  to 
extend  and  modify  those  formulations  and  to  provide  new  data  on  those 
physical  aspects  of  the  nighttime  highway  environment  which  have  an  influence 
on  the  illumination  of  target  and  pavement;  hence,  on  visual  performance. 

The  model  will  be  used  to  (a)  evaluate  and  compare  proposed, 
prototype  and  current  production  headlight  systems,  and  (b)  to  determine 
the  characteristics  of  a system  producing  optimum  driver  performance  by 
maximizing  a figure  of  merit.  Figure  G-1  shows  how  the  model  will  be 
exercised  in  a series  of  iterative  steps  to  define  an  optimum  beam  pattern. 
The  general  optimization  strategy  being  used  here  is  analogous  to  that 
being  used  to  establish  optimal  specifications  for  the  RSV ' s vehicle/ 
restraint  mechanical  properties,  i.e.,  whicji  minimize  the  number  of 
casualties . 

The  figure  of  merit  for  a given  headlighting  system  is  postulated 
to  be  the  total  distance  traveled  under  illumination  deemed  to  meet  the 
requirements  of  adequacy,  on  a simulated  standardized  test  route.  Illumi- 
nation is  considered  to  be  adequate  when  seeing  distances  to  both  verti- 
cal and  horizontal  (raod  delineation)  targets  are  equal  to  or  greater  than 
selected  criterion  distances,  and  when  the  discomfcvrt  glare  experienced  by 
opposing  drivers  is  less  than  some  criterion  value. 
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Figure  G-1 


Application  of  the  Headlight  Evaluation  Model 
To  Define  Optimum  Beam  Patterns 
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The  computation  of  the  figure  of  merit  is  shown  in  Figure  G-2 
which  depicts  a very  short  section  of  a standardized  test  route,  with 
the  observer  vehicle  approaching  two  pedestrians  and  two  opposing  vehicles. 
In  the  three  graphs  immediately  below  the  schematic  of  the  test  route 
section  are  shown  seeing  distance  to  delineation  features  and  to  vertical 
targets  (in  this  case  the  pedestrians)  for  the  driver  of  the  observer 
vehicle  as  he  proceeds  along  the  test  section,  and  the  discomfort  level 
of  the  opposing  drivers.  Delineation  seeing  distance  in  this  example 
(shown  on  the  ordinate)  is  greater  than  the  criterion  (CL^)  except  when 
opposing  vehicles  are  close  enough  to  produce  disability  glare.  Seeing 
distance  to  the  first  pedestrian  is  less  than  the  criterion  distance  (CL2) , 
but  the  visibility  of  the  second  pedestrian  is  greater  than  the  criterion 
level.  Discomfort  glare  is,  of  course,  within  limits  (CL^)  except  when 
the  two  opposing  vehicles  pass.  Along  the  bottom  line  is  depicted  those 
parts  of  the  test  section  in  which  all  three  criteria  are  simultaneously 
met.  The  sum  of  all  the  mileage  traveled  while  all  three  criteria  are 
simultaneously  met  on  all  of  the  test  sections  of  the  standardized  test 
route  constitutes  the  figure  of  merit.  The  greater  the  number  of  miles, 
the  better  the  performance. 

' Standardized  Test  Route.  The  standardized  test  route  is  a com- 

puter simulation  of  a large  series  of  highway  section  incorporating  en- 
vironmental factors  influencing  driver  visual  performance,  such  as  topog- 
raphy, the  reflectance  and  ambient  brightness  of  the  road  and  road  elements, 
highway  type,  traffic  characteristics,  target  characteristics  and  weather. 
The  particular  values  of  the  various  environmental  variables  (e.g.,  pave- 
ment reflectance)  that  characterize  a given  section  are  drawn  randomly 
from  distributions  of  these  variables  as  determined  by  Ford  surveys  and/ 
or  analysis.  This  simulated  standardized  test  route  will  be  used  to 
evaluate  the  headlight  system  for  the  RSV. 

Headlight  Evaluation  Model.  Figure  G-3  is  a flow  chart  of  the 
Evaluation  Model  as  it  is  presently  conceived.  Input  data  consists  of 
the  numerous  elements  characterizing  the  standardized  test  route,  head- 
lamp variables  such  as  headlamp  location,  configuration  and  aim,  the 
isocandle  diagrams  of  the  test  system  and  of  opposing  headlights,  and 
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Figure  G-2 

Figure  oi  Merit;  Miles  Driven  Under  Adequate  illumination 
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driver  characteristics,  that  is,  the  fundamental  visual  properties  of 
the  human  observer  as  modified  and  expanded  for  highway  application  by 
Ford  reserach. 

A given  evaluation  run  with  the  model  will  consist  of  a series 
of  encounters  on  the  various  sections  of  the  test  route,  each  involving 
a pre-selected  set  of  environmental  headlamp  and  driver  variables.  In  a 
given  encounter,  the  traffic  density  determines  whether  or  not  an  on- 
coming vehicle  will  be  present  and,  if  so,  its  speed  and  distance  from 
the  observer  car  at  the  start  of  the  encounter.  Together,  environmental 
factors,  and  the  opposing  and  test  headlight  characteristics,  determine 
the  driver’s  visual  environment,  i.e.,  target  and  background  brightness, 
glare,  adaptation  level  and  apparent  target  size.  One  the  visual  environ- 
ment has  been  established,  driver  target  detection  and  glare  susceptibility 
characteristics  provide  the  basis  for  seeing  distance  and  glare  computa- 
tions. The  effect  of  disaiblity  glare  in  the  model  is  to  reduce  seeing 
distances  in  accordance  with  veiling  glare  formulations  found  in  the 
literature  as  modified  by  Ford  confirmatory  research.  In  addition,  a 
feedback  loop  is  provided  to  simulate  dimming  requests  in  response  to 
discomfort  glare:  excessive  discomfort  produced  by  intermediate  or  high 

beams  will  result  in  ''dimming  requests,"  as  determined  in  the  Ford  glare 
acceptance  study,  i.e.,  the  glare  vehicle  will  switch  to  low  beams. 

On  each  section,  the  distance  traveled  under  adequate  illumina- 
tion, as  defined  earlier,  is  measured,  and  this  figure  is  accumulated  over 
all  of  the  test  sections  of  the  standardized  test  route  to  produce  the 
final  figure  of  merit.  It  is  anticipated  that  in  a given  evaluation  run 
there  will  be  several  thousand  encounters. 
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